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Optimizing  segmental  bone  regeneration  using  functionally  graded  scaffolds 


INTRODUCTION 

This  project  addresses  reduction  of  infection  risk  of  osseointegrated  limb  interfaces.  The  overall  objective  of 
this  project  is  to  develop  clinically  applicable  load-bearing,  anti-infective,  and  osteoinductive  functionally  graded 
scaffolds  (FGS)  as  synthetic  long  bone  grafts  to  treat  combat-relevant  segmental  long  bone  fractures. 

BODY 

We  propose  the  following  set  of  tasks  to  engineer,  evaluate  and  optimize  the  load  bearing,  anti-infective, 
and  osteoinductive  FGS. 

Task  1 :  To  develop  an  anti-infective  CaP  /  chitosan 
FGS  with  multiple  antibiotics  and  sufficient 
effective  period  to  reduce  and  prevent 
infection. 

Task  2:  To  develop  an  osteoinductive  CaP  / 
chitosan  FGS  with  tunable  release  kinetics 
to  enhance  bone  regeneration. 

Task  3:  To  develop  an  anti-infective  and 
osteoinductive  CaP  /  chitosan  FGS  to  reduce 
infection  while  enhancing  bone  regeneration. 

As  outlined  below  we  have  made  significant 
progress  in  the  tasks  of  the  proposal.  These 
aims  include: 

A  photocrosslinkable,  elastic  chitosan  based  gej  for 

sustained  local  delivery  oj  BMP-2  and  retaining,  the 

bone  defect 

In  our  previous  studies,  our  team  developed  an 
injectable  gel  (Kim  201 0,  201 1 , 201 2)  for  cell  and 
bioagent  delivery,  but  the  gels  are  soft  and  cannot 
retain  themselves  in  the  segmental  bone  defect. 

Recently,  we  have  successfully  developed  a 
photocrosslinkable,  elastic  chitosan-based  hydrogel 
platform  which  is  suitable  for  a  critical  size 
segmental  bone  defect  repair.  Figure  1 A  and  B 
show  that  the  degradation  rates  of 
photocrosslinkable  gels  can  be  adjusted  by  different 
formulations  and  UV  exposure  times.  The  chitosan- 
based  gel  supported  the  growth  and  function  of 
human  mesenchymal  stem  cells  (hMSCs)  (Figure 
1C  to  F).  Figure  IF  shows  that  BMP2  containing 
30s-photocrosslinked  gels  significantly  promoted 
osteogenesis  of  hMSCs  compared  to  the  medium 
containing  the  identical  initial  amount  of  BMP2.  In 
addition,  the  30s-photocrosslinked  gels  exhibited 
significantly  greater  osteogenesis  of  hMSCs  compared  to  the  300s-photocrosslinked  gels  at  day  5.  All  the  data 


Figure  1.  Characterization  of  a  photocrosslinkable  chitosan-based  gel. 
(A)  Degradation  rates  of  photocrosslinkable  gels  of  different  ratio  of 
chitosan  to  lactide  with  30  s  UV  exposure  time  in  PBS  7.4  with 
lysozyme  (lOOug/mL);  (B)  Degradation  rates  of  photocrosslinkable  gels 
of  different  ratio  of  chitosan  to  lactide  with  300  s  UV  exposure  time  in 
PBS  7.4  with  lysozyme  (lOOug/mL);  (C)  hMSCs  viability  within 
photocrosslinkable  gels  of  different  ratio  of  chitosan  to  lactide  with  30  s 
UV  exposure  time;  (D)  hMSCs  viability  within  photocrosslinkable  gels 
of  different  ratio  of  chitosan  to  lactide  with  300  s  UV  exposure  time;  (E) 
Alkaline  phosphatase  staining  of  hMSCs  in  BMP2  containing  medium 
and  BMP2  containing  gels  with  different  UV  exposure  times;  (F) 
Alkaline  phosphatase  activity  of  hMSCs  in  BMP2  containing  medium 
and  BMP2  containing  gels  with  different  UV  exposure  times. _ 
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have  demonstrated  that  the  photocrosslinkable  gels  with  different  formulations  and  UV  exposure  times  can 
control  release  of  growth  factors  and  the  released  growth  factor  is  biologically  active. 


In  vivo  evaluation  of  bone  regeneration  aided  by  the 

promising  osteoinductive  gels  using  a  load-bearing 

critical  size  segmental  bone  defect  model 

We  are  examining  the  BMP2  dosage  effect  on  bone 
healing  in  a  load-bearing  critical  size  segmental  bone 
defect.  The  experiment  is  on  going.  Figure  2  shows  the 
radiographs  of  bone  defects  and  bone  healing  at  2 
weeks  after  implantation.  We  will  sacrifice  animals  at  4 
weeks  after  implantation,  and  then  evaluate  the  bone 
healing  using  micro  CT  scan  and  histomorphometry. 


Cytokine  Combination  Therapy  Prediction  for  Bone 

Remodeling  and  Bone  Healing  Based  on  the 

Intracellular  Signaling  Pathway 

We  proposed  to  use  the  data  generated  in  our  co¬ 
administration  of  growth  factor  and  antibiotic  to  establish 
a  computation  model  to  predict  release  dosage  and 
period  for  improving  bone  healing  and  regeneration. 
Since  few  quantitative  researches  have  been  done  to 
study  cytokine  combination  for  bone  remodeling  and  bone 
healing,  in  the  first  step,  we  focused  on  and  demonstrated 
a  mathematical  model  to  study  the  cytokine  combination 
therapies  based  on  the  intracellular  signaling  pathway. 
The  underlying  molecular  mechanism  involved  in 
osteoblast  differentiation  plays  a  significant  role  in 
regulating  bone  remodeling  and  bone  healing.  Runx2  and 
Osx  have  been  found  to  be  two  crucial  transcription 
factors  in  osteoblast  differentiation.  Their  expressions  are 
stimulated  by  cytokines  including  Wnt,  BMP2  and  TGFp. 
We  developed  a  systematic  model  using  a  system  of 
ODEs  to  describe  the  intracellular  signaling  pathway 
shown  in  Figure  3a,  which  was  integrated  into  the 
dynamic  cellular  population.  Bone  regeneration  or  bone 
remodeling  involves  bone  resorption  by  osteoclasts  (OC) 
and  the  following  bone  formation  by  osteoblasts  (OB) 
within  basic  multicellular  units  (BMU).  Three  cytokines 
were  considered:  TGF(3,  Wnt  and  BMP2.  Intracellular 
signaling  pathway  consists  of  Smad2/3,  Smad  1/5, 
pCatenin,  and  Runx2  and  Osx.  Runx2  can  promote  the 
differentiation  of  mesenchymal  stem  cells  (MSCs)  into 
pre-osteoblasts  (OBp)  and  can  inhibit  the  differentiation  of 
pre-osteoblasts  into  active  osteoblasts  (OBa).  Osx  also 
play  a  promoting  role  in  the  later  stage  of  osteoblastic 
lineage  which  interacts  with  osteoclastic  lineage  through 
intercellular  signaling  pathway  RANK-RANKL-OPG.  The 
parameters  in  the  intracellular  signaling  pathways  were 


0  ug  BMP  0.5  ug  lug  2ug  5  ug 


Figure  2.  Radiographs  of  bone  healing  aided  by  the  gels 
with  different  dosages  of  BMP-2  in  the  critical  size  bone 
defects  at  2  weeks  after  implantation. 
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Figure  3.  (a)  Schematic  illustration  of  intracellular  and 
intercellular  signaling  and  cellular  dynamics  in  bone  healing 
and  bone  remodeling,  (b)  Synergy  prediction  of  the  effects 
of  Wnt  and  BMP2  combination  on  bone  mass  production 
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estimated  by  fitting  them  to  the  dynamic  experimental  data  from  literatures  using  optimization  algorithm.  We 
examined  the  response  of  bone  volume  to  the  changes  of  concentration  of  single  and  combined  cytokines 
respectively  during  bone  remodeling  or  bone  healing.  In  Figure  3b,  our  simulations  demonstrated  that  Wnt  and 
BMP2  combination  produced  a  greater  effect  than  any  other  therapies.  Moreover,  they  performed  synergistic 
effect  based  on  5%  bone  growth  isobologram  (data  not  shown).  Our  predictions  are  potentially  helpful  to 
conduct  the  clinical  drug  (cytokine)  combination  experiments. 

Synthesis  and  characterization  of  novel  elastomeric  polv(D,L-lactide  urethane)  maleate  composites  for 

use  in  load-bearing  applications 

We  investigated  the  synthesis  and  characterization  of  a  novel  4-arm  poly(lactic  acid  urethane)-maleate 
(4PLAUMA)  elastomer  and  its  composites  with  nano-hydroxyapatite  (nHA)  as  potential  weight-bearing  bone 
void  fillers.  The  4PLAUMA/nHA  ratios  of  the  composites  were  1:3,  2:5,  1:2  and  1:1.  FTIR  and  NMR 
characterization  showed  urethane  and  maleate  units  integrated  into  the  PLA  matrix.  Energy  dispersion  and 
Auger  electron  spectroscopy  confirmed  homogeneous  distribution  of  nHA  in  the  polymer  matrix. 


Polymer/HA  ratio 


1:3 

2:5 

1:2 

1:1 

1:0 

PnmnKOCciAn 

Modulus  (MPa) 

1973.31  ±298.53 

1675.23  ±145.83 

508.63  ±107.34 

198.64  ±41.58 

- 

vUiiiprcbbiuii 

Strength  (MPa) 

78.10  ±3.82 

48.76  ±10.34 

36.37  ±12.13 

22.25  ±  4.45 

- 

Modulus  (MPa) 

3630.46  ±  528.32 

1485.31  ±442.17 

822. 47±  72.81 

149.82  ±53.62 

3.70  ±  0.34 

Tension 

Strength  (MPa) 

6.23  ±1.44 

4.25  ±  0.22 

3.89  ±  0.08 

2.11  ±0.35 

1.11  ±0.16 

Max  strain  (%) 

5.33  ±1.53 

14.34  ±0.58 

22.04  ±  2.39 

40.11  ±2.07 

93.33  ±  4.04 

Modulus  (MPa) 

1810.42  ±86.10 

1479.19  ±224.91 

310.97  ±106.14 

125.56  ±39.46 

- 

Denaing 

Strength  (MPa) 

13.00  ±0.72 

6.76  ±1.68 

4.40  ±  0.78 

2.03  ±  0.54 

- 

Modulus  (MPa) 

282.46  ±  24.91 

223.37  ±15.36 

159.40  ±38.33 

46.28  ±  32.53 

0.12  ±0.01 

Torsion 

Strength  (MPa) 

5.20  ±  0.85 

5.03  ±  0.33 

4.33  ±  0.06 

2.67  ±1.10 

0.05  ±  0.01 

Max  torsion  (°) 

78.67  ±  9.07 

174.33  ±10.07 

223.66  ±4.17 

244.67  ±  5.51 

250.33  ±11.93 

Table  1.  Mechanical  properties  of  4PLAUMA  elastomer  and  composites.  Results  are  given  as  values  ±  standard  deviation 
(n=3). 


Mechanical  properties  of  the  novel  elastomer  and  its  composites  are  shown  in  Table  1.  More  specifically, 
maximum  moduli  and  strength  of  the  composites  of  4PLAUMA/nHA,  respectively,  1973.31  ±  298.53  MPa  and 
78.10  ±  3.82  MPa  for  compression,  3630.46  ±  528.32  MPa  and  6.23  ±  1.44  MPa  for  tension,  1810.42  ±  86.10 
MPa  and  13.00  ±  0.72  for  bending,  and  282.46  ±  24.91  MPa  and  5.20  ±  0.85  MPa  for  torsion.  The  maximum 
tensile  strains  of  the  polymer  and  composites  are  in  the  range  of  5%  to  93%,  and  their  maximum  torsional 
strains  vary  from  0.26  to  0.90,  evidencing  elasticity  of  the  material.  The  composites  exhibited  very  slow 
degradation  rates  in  aqueous  solution  shown  in  Figure  4A,  from  approximately  50%  mass  remaining  for  the 
pure  polymer  to  75%  mass  remaining  for  composites  with  high  nHA  contents,  after  a  period  of  8  weeks. 
Increase  in  ceramic  content 
increased  mechanical 

properties,  but  decreased 
elasticity,  degradation  rate,  and 
swelling  of  the  composites 
because  ceramic  crystals 
stabilized  the  polymer  network 
by  electrostatic  interactions  with 
polar  groups  in  the  elastomer. 

Human  bone  marrow  stem  cells 
and  human  endothelial  cells 
adhered  and  proliferated  on 
4PLAUMA  films  and 
degradation  products  of  the 
composites  showed  little-to-no 
toxicity  (Figure  4B).  The  new 
materials  will  be  used  for 
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Figure  4.  (A)  Degradation  profiles  of  4PLAUMA  and  composites.  (B)  Fluorescent  imaging 
of  GFP-tagged  HUVEC  seeded  on  top  of  4PLAUMA  films  (red:  cytoskeleton,  rhodamine; 
blue:  nuclei,  DAPI;  green:  GFP).  The  polymer  had  a  slight  green  autofluorescence. 
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weight-bearing  bone  void  fillers  and  evaluated  in  vivo. 

KEY  RESEARCH  ACCOMPLISHMENTS 

•  A  novel,  photocrosslinkable,  elastic  chitosan  based  elastic  hydrogel  for  segmental  bone  defect  repair 

•  A  computation  model  for  prediction  of  optimized  release  profiles  of  multiple  bioagents 

•  A  novel  elastomer  and  its  nano-hydroxyapatite  containing  composite  for  potential  load-bearing  bone 
void  filler 
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CONCLUSIONS 

The  project  focuses  on  developing  a  promising  synthetic  bone  graft  with  dual  delivery  characteristic.  Our 
progress  includes  (1)  a  promising  elastic  hydrogel  which  is  suitable  for  segmental  bone  defect  repair;  (2)  a 
valid  computation  model  for  prediction  of  release  profiles  of  multiple  bioagents  based  on  intracellular  signalinhg 
pathways;  and  (3)  development  of  a  novel  high  mechanical  strength,  torsion  and  bending  resistant  elastomer 
and  composite  for  load-bearing  bone  void  fillers.  If  the  prototype  of  the  synthetic  long  bone  grafts  proves 
successful,  the  product  will  provide  a  significant  benefit  to  the  lives  of  individuals  who  have  sustained  combat¬ 
relevant  orthopedic  injuries.  Injured  soldiers  could  fully  restore  the  function  of  their  legs  in  a  much  shorter 
period  of  time  and  eventually  regenerate  the  long  bone. 
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The  purpose  of  this  study  was  to  develop  and  characterize  a  chitosan  gel/gelatin  microsphere  (MSs)  dual 
delivery  system  for  sequential  release  of  bone  morphogenetic  protein-2  (BMP-2)  and  insulin-like  growth 
factor-1  (IGF-1)  to  enhance  osteoblast  differentiation  in  vitro.  We  made  and  characterized  the  delivery 
system  based  on  its  degree  of  cross-linking,  degradation,  and  release  kinetics.  We  also  evaluated  the  cyto¬ 
toxicity  of  the  delivery  system  and  the  effect  of  growth  factors  on  cell  response  using  pre-osteoblast  W- 
20-17  mouse  bone  marrow  stromal  cells.  IGF-1  was  first  loaded  into  MSs,  and  then  the  IGF-1 -containing 
MSs  were  encapsulated  into  the  chitosan  gel  which  contained  BMP-2.  Cross-linking  of  gelatin  with  gly¬ 
oxal  via  Schiff  bases  significantly  increased  thermal  stability  and  decreased  the  solubility  of  the  MSs, 
leading  to  a  significant  decrease  in  the  initial  release  of  IGF-1.  Encapsulation  of  the  MSs  into  the  chitosan 
gel  generated  polyelectrolyte  complexes  by  intermolecular  interactions,  which  further  affected  the 
release  kinetics  of  IGF-1.  This  combinational  delivery  system  provided  an  initial  release  of  BMP-2  fol¬ 
lowed  by  a  slow  and  sustained  release  of  IGF-1.  Significantly  greater  alkaline  phosphatase  activity  was 
found  in  W-20-17  cells  treated  with  the  sequential  delivery  system  compared  with  other  treatments 
(P<  0.05)  after  a  week  of  culture. 

©  2012  Acta  Materialia  Inc.  Published  by  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Therapeutic  biomacromolecules  such  as  RGD-like  peptides  and 
growth  factors  have  been  used  to  enhance  the  regeneration  of 
damaged  tissues  by  stimulating  cellular  activities  such  as  cell 
migration,  proliferation,  and  differentiation  [1-6].  However,  they 
have  short  biological  half-lives  in  physiological  conditions  due  to 
rapid  degradation  and  deactivation  by  enzymes  and  other  chemical 
and  physical  reactions  [1-4].  In  addition,  the  course  of  wound  heal¬ 
ing  and  tissue  regeneration  is  complicated  by  the  interactions  of 
multiple  factors  [4,7-10].  Local  delivery  carriers  have  been  devel¬ 
oped  for  the  controlled,  sustained  release  of  these  active  proteins 
[11-14].  Nevertheless,  there  is  a  great  need  for  drug  delivery  sys¬ 
tems  that  allow  for  improved  release  kinetics  of  multiple  growth 
factors  in  order  to  enhance  their  therapeutic  efficacy  [3,8,11-17]. 

Recent  studies  have  shown  that  the  combined  delivery  of  bone 
morphogenetic  protein-2  (BMP-2)  and  insulin-like  growth  factor-1 
(IGF-1 )  enhances  wound  healing  and  tissue  regeneration  compared 
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with  single  growth  factor  delivery  [3,5,11,14,18].  BMP-2  is  an  FDA- 
approved  growth  factor,  which  plays  an  important  role  in  the 
expression  of  osteogenic  markers  such  as  alkaline  phosphatase 
(ALP)  and  osteocalcin.  It  is  used  clinically  to  help  induce  osteogen¬ 
esis  [3,5,15,16,19].  IGF-1  is  a  mitogenic  factor  affecting  the  growth 
of  adult  cells  as  well  as  supporting  the  growth  and  differentiation 
of  embryonic  cells  [17,18,20-24].  It  has  been  used  to  stimulate 
osteoblast  growth  and  proliferation,  resulting  in  enhanced  osseoin- 
tegration  at  the  local  site  [10,17]. 

Raiche  et  al.  used  two  layers  of  glutaraldehyde  cross-linked 
gelatin  coatings  with  different  concentrations  of  growth  factors  to 
control  the  release  kinetics  of  BMP-2  and  IGF-1  [14,18].  They  found 
that  the  sequential  release  of  BMP-2  and  IGF-1  resulted  in  the 
earliest,  most  robust  elevation  of  ALP  activity  of  both  mouse  plurip- 
otent  C3H  and  rat  bone  marrow  stromal  cells  and  that  the  simulta¬ 
neous  release  of  BMP-2  and  IGF-1  did  not  promote  ALP  activity 
compared  with  BMP-2  alone.  They  suggested  that  treatment  with 
BMP-2  upregulated  the  expression  of  the  IGF-I  receptor,  enabling 
IGF-I  to  further  enhance  cell  responses  [14].  Similarly,  Chen  et  al. 
reported  that  the  combined  delivery  of  BMP-2  and  IGF-1  resulted 
in  the  greatest  ALP  activity  of  periodontal  ligament  fibroblasts 
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(PDLFs)  [1 1  ].  In  their  experiments,  the  release  of  growth  factors  was 
controlled  by  BMP-2  containing  basic  gelatin  microspheres  and 
IGF-1  containing  acidic  gelatin  microspheres,  which  were  incorpo¬ 
rated  into  glycidyl  methacrylated  dextran  (Dex-GMA)  scaffolds. 

We  have  previously  developed  a  thermosensitive  injectable 
chitosan  gel  to  deliver  BMP-2.  It  has  been  found  to  significantly  en¬ 
hance  the  osteoblastic  differentiation  of  mouse  osteoblast  precur¬ 
sor  cells  and  the  mineralization  of  human  embryonic  palatal 
mesenchymal  cells  [25].  Chitosan  gels  have  been  used  due  to  their 
excellent  biocompatibility,  enzyme-regulated  degradation,  and 
high  efficacy  of  drug  therapy  [2,3,9,25-28].  Additionally,  therapeu¬ 
tic  agents  are  released  via  the  diffusion  or  biodegradation  of  the 
chitosan  polymers  [5,25-28].  The  purpose  of  this  study  was  to  cre¬ 
ate  and  characterize  a  sequential  delivery  system  consisting  of  a 
chitosan  gel  and  gelatin  microspheres  (MSs)  to  achieve  a  sequen¬ 
tial  release  of  BMP-2  and  IGF-1.  We  hypothesized  that  an  initial 
release  of  BMP-2  from  the  chitosan  gel  followed  by  the  release  of 
IGF-1  from  the  gelatin  MSs  would  enhance  osteoblastic  activity 
of  bone  cells.  In  this  study,  we  made  glyoxal  cross-linked  gelatin 
MSs  for  delivery  of  IGF-1,  which  were  then  encapsulated  into  the 
chitosan  gel  formulation.  Furthermore,  we  aimed  to  characterize 
the  degree  of  cross-linking,  degradation,  release  rate  and  cytotox¬ 
icity  of  the  delivery  system.  We  also  evaluated  osteoblastic  activity 
by  measuring  ALP-specific  activity  of  preosteoblast  W-20-17 
mouse  bone  marrow  stromal  cells. 

2.  Materials  and  methods 

2.1.  Materials 

Chitosan  (^3101<Da,  75%  or  greater  degree  of  deacetylation), 
disodium  p-GP  (glycerol  2-phosphate  disodium  salt  hydrate;  cell 
culture  grade),  and  glyoxal  (40wt.%)  were  purchased  from  Sig¬ 
ma— Aldrich  (St  Louis,  MO).  Gelatin  type  B,  olive  oil,  acetone,  and 
ethanol  were  all  purchased  from  Fisher  Scientific  (Fair  Lawn,  NJ). 
All  other  chemicals  were  reagent  grade  and  were  used  as  received. 
Human  bone  morphogenetic  protein-2  (BMP-2)  was  obtained  from 
PeproTech  (Rocky  Hill,  NJ)  and  recombinant  human  insulin-like 
growth  factor  I  (IGF-1)  was  purchased  from  R&D  Systems  (Minne¬ 
apolis,  MN).  Fetal  bovine  serum  (FBS),  Trypsin-EDTA,  L-glutamine, 
antibiotic-antimycotic,  phosphate-buffered  saline  (PBS),  and  Dul- 
becco’s  modified  Eagle’s  medium  (DMEM)  were  all  purchased  from 
Invitrogen™  (Eugene,  OR).  W-20-17  cells  were  cultured  as  per 
American  Type  Culture  Collection  (ATCC)  instructions. 

2.2.  Preparation  of  gelatin  microspheres 

Gelatin  MSs  were  prepared  using  a  water-in-oil  emulsion  tech¬ 
nique.  Briefly,  a  gelatin  solution  was  prepared  by  dissolving  1  g  gel¬ 
atin  powder  in  10  ml  distilled  water  at  50  °C.  The  solution  was  then 
added  dropwise  to  60  ml  olive  oil,  which  was  preheated  to  50  °C 
while  stirring  at  500  rpm  using  a  straight-blade  impeller.  The  gel¬ 
atin  solution  was  allowed  to  emulsify  for  10  min.  Subsequently, 
the  entire  emulsification  bath  was  chilled  to  4  °C  on  ice  with  con¬ 
tinuous  stirring  at  500  rpm  for  40  min,  and  gelatin  MSs  were 
formed.  The  gelatin  MSs  were  collected  by  filtration  and  washed 
with  chilled  acetone  and  ethanol.  Finally,  the  obtained  gelatin 
MSs  were  freeze-dried  overnight. 

2.3.  Cross-linking  of  gelatin  MSs 

The  prepared  gelatin  MSs  were  dispersed  into  an  aqueous  eth¬ 
anol  solution  containing  different  concentrations  of  glyoxal  (10, 
20,  50,  or  100  mM)  and  stirred  at  room  temperature  for  cross-link¬ 
ing  for  10  h.  The  cross-linked  gelatin  MSs  were  rinsed  twice  with 


an  aqueous  ethanol  solution  to  remove  the  residual  cross-linking 
agent  on  their  surfaces  and  then  freeze-dried  overnight.  They  were 
then  sieved  to  obtain  particles  ranging  from  50  to  100  pm. 

2.3.1.  Fourier  transform  infrared  spectroscopy  (FTIR)  spectra 

In  order  to  investigate  chemical  structure  of  both  gelatin  MSs 
and  cross-linked  gelatin  MSs,  FTIR  spectra  were  obtained  using  a 
Nicolet  FTIR  infrared  microscope  coupled  to  a  PC  with  analysis 
software.  Samples  were  placed  in  the  holder  directly  in  the  IR  laser 
beam.  All  spectra  were  recorded  by  transmittance  mode  (100  times 
scanning,  650-4000  cm-1). 

2.3.2.  Degree  of  cross-linking 

Degree  of  cross-linking  of  the  gelatin  MSs  was  determined  by 
ninhydrin  assay,  which  was  used  to  determine  the  percentage  of 
free  amino  groups  remaining  in  the  gelatin  MSs  after  cross-linking. 
The  cross-linked  gelatin  MSs  were  prepared  with  different  concen¬ 
trations  of  glyoxal  (10,  20,  50,  or  100  mM).  The  samples  were 
heated  in  the  ninhydrin  solution  at  100  °C  for  10  min,  and  the  light 
absorbance  at  550  nm  was  recorded  using  a  microplate  reader  (TE- 
CAN  Infinite  F50).  Glycine  (Fisher  Scientific,  Fair  Lawn,  NJ)  was 
used  as  an  amino  acid  nitrogen  standard  at  various  known  concen¬ 
trations.  The  degree  of  cross-linking  (Dc)  of  the  samples  was  calcu¬ 
lated  following  the  equation  Dc  =  [(A-B)/A]  x  100,  where  A  is  mole 
fraction  of  free  amino  group  in  un-cross-linked  gelatin  MSs  and  B  is 
mole  fraction  of  free  amino  group  in  cross-linked  gelatin  MSs. 

2.3.3.  Swelling  of  gelatin  MSs  at  different  temperatures 

To  evaluate  the  effect  of  cross-linking  on  water  stability  of  the 
gelatin  MSs,  the  swelling  characteristic  of  the  gelatin  MSs  was 
investigated  at  different  temperatures.  The  swelling  of  the  gelatin 
MSs  and  the  cross-linked  gelatin  MSs  (50  mM)  were  observed 
using  a  microscope  (Nikon  ECLIPSE  TE-2000-U).  The  dried  samples 
were  placed  into  a  container  with  PBS  (pH  7.4)  and  incubated  at  4 
or  37  °C  for  3  days.  Photomicrographs  of  the  gelatin  MSs  were  pro¬ 
cessed  at  6  h,  1  day,  and  3  days  of  incubation  using  MetaVue 
software. 

2.3.4.  Cytotoxicity 

W-20-17  cells  were  grown  and  maintained  in  DMEM  media 
with  10%  FBS,  1%  antibiotic/antimycotic  mixture,  5  ml  L-glutamine 
(200  mM),  and  sodium  pyruvate.  This  cell  line  has  been  used  in  an 
ASTM  F2131  to  evaluate  activity  of  BMP-2  in  vitro.  Cell  culture  was 
achieved  in  an  incubator  supplied  with  5%  C02  at  37  °C.  The  culture 
medium  was  changed  every  3  days.  In  order  to  investigate  the 
cytotoxicity  of  the  gelatin  MSs,  the  W-20-17  cells  were  cultured 
in  the  DMEM  media  containing  the  gelatin  MSs.  Cells  were  seeded 
in  24-well  plates  at  a  density  of  30,000  cells  per  well  and  incubated 
with  10  mg  of  the  gelatin  MSs  for  3  days.  After  incubation  of  1  and 
3  days,  the  number  of  viable  cells  was  determined  quantitatively 
using  a  Cell  Titer  96AQueous  One  Solution  (MTS)  assay  according 
to  the  manufacturer’s  instructions.  Before  the  assay,  the  cellular 
morphology  was  observed  qualitatively  using  a  microscope  (Nikon, 
ECLIPSE  TE-2000-U).  Photomicrographs  of  cells  were  processed 
using  Nikon  MetaVue  software. 

2.4.  Gelatin  MSs  encapsulated  chitosan  gel  composites 

A  1.5%  (w/v)  chitosan  solution  was  prepared  by  stirring  pow¬ 
dered  chitosan  in  0.75%  (v/v)  aqueous  acetic  acid  at  room  temper¬ 
ature  overnight.  The  insoluble  particles  in  the  chitosan  solution 
were  removed  by  filtration.  A  50%  (w/v)  (3-GP  solution  was  pre¬ 
pared  in  distilled  water  and  sterilized  using  PES  syringe  filters  with 
0.22  pm  pore  size  (MillexTM,  MA)  and  stored  at  4  °C.  50  ml  of 
chitosan  solution  was  dialyzed  at  room  temperature  against  1  1 
of  distilled  water  for  7  days  with  daily  changes  of  water  (1  1)  in 
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an  8  kDa  cutoff  dialysis  membrane  to  reduce  the  acetic  acid  con¬ 
tent.  The  final  pH  value  of  the  chitosan  solution  was  6.3.  The  dia¬ 
lyzed  chitosan  solution  was  autoclaved  at  121  °C  for  20  min, 
cooled  down  to  room  temperature,  and  stored  at  4  °C.  The  cross- 
linked  gelatin  MSs  were  then  encapsulated  into  the  chitosan  solu¬ 
tion  on  ice  and  vortexed.  Sterilized,  ice-cold  p-GP  solution  (2.31  M) 
was  added  drop  by  drop  to  the  chitosan  solution  under  stirring 
conditions  in  an  ice  bath.  The  final  concentration  of  p-GP  in  the 
chitosan  solution  was  88  mM,  and  the  final  pH  value  of  the  chito¬ 
san  gel  formulation  was  7.2.  Each  gel-forming  solution  was  al¬ 
lowed  to  completely  become  a  gel  in  an  incubator  for  3  h  at  37  °C. 

2.5.  Dissolution  rate 

Gelatin  is  an  amphoteric  protein  containing  both  positively 
charged  and  negatively  charged  amino  acids.  It  easily  dissolves  in 
water  at  body  temperature,  releasing  amino  acids.  In  this  study, 
the  cross-linked  gelatin  MSs  or  the  cross-linked  gelatin  MS-loaded 
chitosan  gel  were  placed  in  a  container  containing  2  ml  of  PBS  (pH 
7.4)  and  incubated  at  37  °C  for  5  days.  At  predetermined  time 
points,  500  pi  aliquots  of  the  medium  were  sampled  and  the  same 
amount  of  fresh  PBS  (pH  7.4)  was  added  into  each  container.  In  the 
collected  fractions,  the  cumulative  amounts  of  dissolved  proteins 
from  the  gelatin  MSs  or  the  combination  were  determined  as  a 
function  of  time  by  bicinchoninic  acid  (BCA)  assay  (Pierce,  Rock¬ 
ford,  IL).  The  optical  density  of  each  sample  was  determined  using 
a  microplate  reader  at  562  nm  (TECAN  Infinite  F50). 

2.6.  Scanning  electron  microscopy  (SEM) 

The  surface  morphology  of  the  materials  was  observed  to  exam¬ 
ine  compatibility  of  gelatin  MSs  with  a  chitosan  gel  after  implanta¬ 
tion  at  body  temperature.  Three  different  materials,  i.e.  a  chitosan 
gel,  an  un-cross-linked  gelatin  MS-loaded  chitosan  gel,  and  a  cross- 
linked  gelatin  MS-loaded  chitosan  gel,  were  prepared.  They  were 
incubated  at  37  °C  for  5  h  and  lyophilized  overnight  (Freezone, 
LABCONCO).  The  samples  were  sputter-coated  with  gold  and 
examined  under  a  scanning  electron  microscope  (FEI,  USA)  oper¬ 
ated  at  1 5  kV. 

2.7.  In  vitro  release  studies 
2.7.1.  IGF- 1  release 

In  vitro  IGF-1  release  profiles  from  cross-linked  gelatin  MSs  or  a 
cross-linked  gelatin  MS-loaded  chitosan  gel  were  examined  for 
1  week.  IGF-1  loading  was  achieved  by  a  method  of  adsorption. 
The  cross-linked  gelatin  MSs  were  loaded  with  IGF-1  by  swelling 
in  aqueous  IGF-1  solutions  (IGF-1  (MSs)).  IGF-1  (isoelectric  point 
(IEP)  =  8.6)  is  positively  charged,  and  therefore,  negatively  charged 
type  B  gelatin  forms  a  polyionic  complexation  with  IGF-1  [23,29- 
31].  IGF-1  solution  was  dripped  onto  the  microparticles  at  a  vol¬ 
ume  of  25  pi  per  mg  of  the  cross-linked  gelatin  MSs.  The  resulting 
mixture  was  vortexed  and  incubated  at  4  °C  for  10  h  before  freeze¬ 
drying.  Eventually,  50  ng  ml-1  of  IGF-1  was  present  within  each 
sample  (IGF-1  (MSs)).  The  IGF-1 -loaded  gelatin  MSs  were  then 
encapsulated  into  a  chitosan  gel  formulation  (IGF-1  (gel  +  MSs)). 
The  IGF-1  loaded  microparticles  were  added  into  the  chitosan  gel 
formulation  on  ice  and  vortexed.  88  mM  of  cold  p-GP  solution 
was  added  into  the  mixture  to  complete  the  gel-forming  solution. 
Each  gel-forming  solution  was  allowed  to  completely  become  a  gel 
in  an  incubator  at  37  °C. 

IGF-1  (MSs)  or  IGF-1  (gel  +  MSs)  was  placed  in  a  container  con¬ 
taining  2  ml  of  PBS  (pH  7.4)  and  incubated  at  37  °C  for  a  week.  At 
designated  time  points,  300  pi  aliquots  of  the  release  medium  were 
sampled  and  the  same  amount  of  fresh  PBS  (pH  7.4)  was  added  into 
each  container.  In  the  collected  fractions,  the  cumulative  release 


amounts  of  IGF-1  from  the  materials  were  determined  as  a  function 
of  time  by  an  IGF-1  ELISA  kit  (RayBio,  GA).  Briefly,  100  pi  of  the  ob¬ 
tained  samples  were  pipetted  into  a  96-well  IGF-1  microplate 
coated  with  anti-human  IGF-1  and  incubated  at  4  °C  overnight. 
After  washing  each  well  with  wash  buffer  provided  by  the  ELISA 
kit  for  a  total  of  four  washes,  100  pi  of  biotinylated  anti-human 
IGF-1  was  added  to  each  well  and  incubated  at  room  temperature 
for  1  h.  After  repeating  the  washing  step,  each  well  was  filled  with 
100  pi  of  horseradish  peroxidase-streptavidin  solution  and  incu¬ 
bated  at  room  temperature  for  45  min.  After  the  washing  step, 
100  pi  of  TMB  (3, 3', 5, 5'  tetramethylbenzidine)  was  added  to  each 
well  and  incubated  for  30  min  at  room  temperature  in  the  dark.  Fi¬ 
nally,  50  pi  of  stop  solution  was  added  into  each  well.  The  optical 
density  of  each  well  was  determined  using  a  microplate  reader  at 
450  nm  (TECAN  Infinite  F50). 

2.7.2.  BMP-2  release 

The  in  vitro  BMP-2  release  profile  from  the  chitosan  gel  was 
investigated  for  1  week.  BMP-2  solution  was  added  directly  into 
the  chitosan  solution  on  ice  and  vortexed.  88  mM  of  cold  p-GP  solu¬ 
tion  was  added  into  the  mixture  to  complete  the  gel-forming  solu¬ 
tion.  Each  gel-forming  solution  containing  BMP-2  was  allowed  to 
completely  become  a  gel  in  an  incubator  at  37  °C.  Eventually, 
50  ng  ml-1  of  BMP-2  was  present  within  each  sample  (BMP-2  (Gel)). 

BMP-2  (Gel)  was  placed  in  a  container  containing  2  ml  of  PBS 
(pH  7.4)  and  incubated  at  37  °C  for  a  week.  At  designated  time 
points,  300  pi  aliquots  of  the  release  medium  were  sampled  and 
the  same  amount  of  fresh  PBS  (pH  7.4)  was  added  into  each  con¬ 
tainer.  In  the  collected  fractions,  the  cumulative  release  amounts 
of  BMP-2  from  the  chitosan  gels  were  determined  as  a  function 
of  time  by  a  BMP-2  ELISA  kit  (R&D  systems,  MN).  Briefly,  50  pi  of 
the  obtained  supernatant  was  pipetted  into  a  96-well  BMP-2 
microplate  coated  with  a  mouse  monoclonal  antibody  and  incu¬ 
bated  for  2  h  at  room  temperature.  After  washing  each  well  with 
wash  buffer  provided  by  the  ELISA  kit  for  a  total  of  four  washes, 
200  pi  of  BMP-2  conjugate  was  added  to  each  well  and  incubated 
at  room  temperature  for  2  h.  After  repeating  the  washing  step,  each 
well  was  filled  with  200  pi  of  BMP-2  substrate  and  incubated  at 
room  temperature  for  30  min  in  the  dark.  Finally,  50  pi  of  stop 
solution  was  added  into  each  well.  The  optical  density  of  each  well 
was  determined  using  a  microplate  reader  at  450  nm  with  a  cor¬ 
rection  setting  of  540  nm  (TECAN  Infinite  F50). 

2.8.  In  vitro  analysis 

2.8.1.  Effect  of  growth  factors  on  ALP  specific  activity  of  W -20-17 

To  better  evaluate  the  sequential  delivery  of  growth  factors  on 
the  cell  responses,  we  first  established  a  growth  factor-cell  re¬ 
sponse  calibration  model.  We  studied  ALP  activity  as  an  indicator 
of  early  osteoblastic  differentiation  to  designated  singular  or  com¬ 
bination  of  BMP-2  and  IGF-1  listed  in  Table  1.  In  this  experiment, 
W-20-17  cells  were  treated  with  growth  factors  (BMP-2,  IGF-1, 
or  combinations),  and  ALP  activity  and  double  stranded  DNA 
(dsDNA)  of  W-20-17  cells  were  determined.  The  cells  were  seeded 
in  24-well  plates  at  a  density  of  30,000  cells  per  well  and  cultured 
for  7  days.  On  days  1  and  3,  50  ng  ml-1  of  each  growth  factor  or 
their  combination  was  added  into  the  culture  medium  as  shown 
in  Table  1.  The  culture  medium  was  changed  every  3  days. 

At  designated  time  points  (5  and  7  days)  the  medium  was  re¬ 
moved  from  the  cell  culture.  The  cell  layers  were  washed  twice 
with  PBS  (pH  7.4)  and  then  lysed  with  1  ml  of  0.2%  Triton  X-100 
and  three  freeze-thaw  cycles,  which  consisted  of  freezing  at 
-80  °C  for  30  min  immediately  followed  by  thawing  at  37  °C  for 
15  min.  50  pi  aliquots  of  the  cell  lysates  were  sampled  and  added 
to  50  pi  of  working  reagent  in  a  96-well  assay  plate.  The  working 
reagent  contains  equal  parts  (1:1:1)  of  1.5  M  2-amino-2-methyl- 
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Table  1 

The  group  designs  for  the  effect  of  soluble  growth  factors  on  alkaline  phosphatase  (ALP)  specific  activity  of  W-20-17  cells. 


A 

B 

C 

D 

E 

F 

G 

H 

Day  1 

N/A 

BMP-2 

IGF-1 

BMP-2 

IGF-1 

BMP-2/IGF-1 

BMP-2 

IGF-1 

Day  3 

N/A 

BMP-2 

IGF-1 

BMP-2/IGF-1 

BMP-2/IGF-1 

BMP-2/IGF-1 

IGF-1 

BMP-2 

Table  2 

The  group  designs  for  the  effect  of  sequential  delivery  systems  on  alkaline 
phosphatase  (ALP)  specific  activity  of  W-20-17  cells. 


A 

B 

C 

D 

Gelatin  MSs 

N/A 

N/A 

N/A 

IGF-1 

Chitosan  gel 

N/A 

BMP-2 

BMP-2/IGF-1 

BMP-2 

1 -propanol  (Sigma),  20  mM  p-nitrophenyl  phosphate  (Sigma),  and 
1  mM  magnesium  chloride.  The  samples  then  were  incubated  for 
1  h  at  37  °C.  After  incubation,  the  reaction  was  stopped  with 
100  pi  of  IN  sodium  hydroxide  on  ice.  ALP  activity  was  deter¬ 
mined  from  the  absorbance  using  a  standard  curve  prepared  from 
p-nitrophenol  stock  standard  (Sigma).  The  absorbance  was  mea¬ 
sured  at  405  nm  using  a  microplate  reader  (TECAN  Infinite  F50). 

The  cell  lysates  were  then  examined  for  dsDNA  to  estimate  cell 
number.  50  pi  aliquots  of  the  cell  lysates  were  added  in  a  96-well 
assay  plate.  Each  50  pi  of  a  1:200  dilution  of  PicoGreen  (Quant-iT 
PicoGreen  assay  kit,  Invitrogen)  was  added  to  each  well  and  incu¬ 
bated  for  5  min  in  the  dark.  The  assay  plate  was  read  at  485  nm 
excitation  and  530  nm  emission  using  a  BioTek  FLx800  plate  read¬ 
er.  The  dsDNA  content  was  calculated  using  a  standard  curve  made 
by  a  provided  dsDNA  standard  sample.  The  ALP  activity  of  cells  was 
then  calculated  by  normalizing  to  dsDNA  content.  ALP  specific 
activity  was  expressed  as  nmol  p-nitrophenol  ng-1  dsDNA. 

2.82.  Effect  of  growth  factors  by  sequential  delivery  systems  on  ALP 
specific  activity  of  W-20- 1 7 

The  effect  of  sequential  delivery  of  growth  factors  on  ALP  spe¬ 
cific  activity  of  W-20-17  was  investigated  using  the  chitosan  gel 
or  the  gelatin  MS-loaded  chitosan  gel  as  shown  in  Table  2.  Indirect 
culture  via  BD  BioCoat™  Control  Cell  Culture  inserts  was  used  as  a 
model  system  to  evaluate  the  cell  responses  from  the  materials. 
The  materials  loaded  with  growth  factors  were  placed  in  the  upper 
chamber  of  inserts.  Cells  were  seeded  in  the  bottom  of  12-well 
plates  at  a  density  of  30,000  cells  per  well  and  cultured  for  7  days. 
The  culture  medium  was  changed  every  3  days.  At  designated  time 
points  (5  and  7  days),  the  medium  was  removed  from  cell  culture. 
ALP  activity  and  dsDNA  content  were  determined  as  described 
above. 


Wavenumber  cm-1 


Fig.  1.  FTIR  spectra  of  gelatin  microspheres  and  cross-linked  gelatin  microspheres. 
The  cross-linking  occurred  through  the  formation  of  Schiff  base  linkage  between 
amino  groups  of  the  gelatin  and  carbonyl  groups  of  glyoxal. 
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2.9.  Statistical  analysis 

All  data  are  presented  as  mean  ±  standard  deviation.  For  com¬ 
paring  two  groups  of  data,  a  Student’s  t- test  was  performed.  For 
comparing  multiple  groups  of  data,  one-way  ANOVA  was  per¬ 
formed  followed  by  Dunnett’s  test.  The  differences  in  groups  and 
experimental  time  points  were  considered  significant  if  P<  0.05. 

3.  Results 

3.1.  Cross-linking  of  gelatin  MSs 

3.1.1.  FTIR  spectra  of  gelatin  MSs 

The  FTIR  spectra  obtained  from  the  gelatin  MSs  and  the  cross- 
linked  gelatin  MSs  are  shown  in  Fig.  1.  The  gelatin  shows  the  typ¬ 
ical  specific  amide  bands  of  proteins.  The  amide  I  band  peaking  at 


Fig.  2.  The  degree  of  cross-linking  of  the  gelatin  microspheres.  The  cross-linked 
gelatin  microspheres  were  prepared  according  to  different  concentrations  of 
glyoxal  (10,  20,  50,  or  100  mM).  The  percentage  of  free  amino  groups  remaining 
in  the  gelatin  microspheres  was  determined  by  a  ninhydrin  assay  at  550  nm  after 
cross-linking.  Each  value  represents  the  mean  ±  SD  (n  =  4).  *denotes  significant 
difference  between  groups  (P<  0.05). 

1620  cm-1  is  due  to  0=0  stretching  vibration,  while  the  amide  II 
band  at  1535  cm-1  is  assigned  to  C-N  stretching  and  N-H  bending 
vibration.  In  the  cross-linked  gelatin  MSs,  the  stronger  band  cen¬ 
tered  at  1635  cm-1  is  due  to  C=N  stretching  vibration  from  Schiff 
bases,  and  C=0  stretching  from  the  mixture  of  amide  I  and  unre¬ 
acted  aldehyde  groups.  The  Schiff  bases  were  formed  between  oc- 
amino  groups  of  the  gelatin  and  carbonyl  groups  of  glyoxal 
[27,32,33]  as  a  result  of  cross-linking.  The  peak  at  1540  cm-1  indi¬ 
cates  a  shift  in  the  amide  II  band,  which  becomes  stronger  after  the 
cross-linking.  The  absorbance  at  1735  cm-1  is  due  to  C=N  stretch¬ 
ing  vibration  from  Schiff-base  reactions. 
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3  A  2.  Degree  of  cross-linking  of  gelatin  MSs 

The  gelatin  MSs  had  a  dark-yellow  color  after  cross-linking  with 
glyoxal.  As  shown  in  Fig.  2,  the  degree  of  cross-linking  significantly 
increased  with  increasing  concentration  of  glyoxal  (P<  0.05).  The 
degree  of  cross-linking  was  8%  at  10  mM,  19%  at  20  mM,  66%  at 
50  mM,  and  69%  at  100  mM  of  glyoxal.  However,  there  was  no  sig¬ 
nificant  difference  between  50  and  100  mM  of  glyoxal  (P=  0.5). 

3.1.3.  Swelling  of  gelatin  MSs  at  different  temperatures 

Fig.  3  shows  the  swelling  behavior  of  un-cross-linked  gelatin 
MSs  or  cross-linked  gelatin  MSs  (50  mM)  in  PBS  solution  at  4  °C 
or  37  °C  for  3  days.  The  swelling  behavior  of  the  gelatin  MSs  chan¬ 
ged  notably  with  cross-linking  by  glyoxal.  At  4  °C,  a  halo  of  diffuse 


Uncross-linked  Cross-linked 


Fig.  3.  Swelling  behaviors  of  gelatin  microspheres  and  cross-linked  gelatin  micro¬ 
spheres  at  (a)  4  °C  and  (b)  37  °C.  The  dried  samples  were  placed  into  PBS  solution, 
and  photomicrographs  of  the  samples  were  processed  at  6  h,  1  day,  and  3  days  of 
incubation  (magnification  is  xlOO). 


material  was  visible  around  the  un-cross-linked  gelatin  MSs,  indi¬ 
cating  that  they  became  swollen  and  enlarged,  while  the  cross- 
linked  gelatin  MSs  was  much  less  swollen.  At  37  °C,  the  un-cross- 
linked  gelatin  MSs  completely  dissolved,  but  the  cross-linked  gela¬ 
tin  MSs  retained  their  shape. 


3  A. 4.  Cytotoxicity  of  gelatin  MSs 

The  cytotoxicity  of  the  gelatin  MSs  on  W-20-17  was  examined 
by  an  MTS  assay,  and  the  cell  morphology  was  observed  by  a 
microscope  for  3  days  of  incubation.  Fig.  4a  shows  the  effect  of  dif¬ 
ferent  concentrations  of  glyoxal  in  the  gelatin  MSs  on  cell  viability 
via  an  MTS  assay.  There  were  significant  increases  in  activity  in  W- 
20-17  cells  after  3  days  of  culture  (P<  0.05).  Cells  in  all  the  groups 
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Fig.  4.  Cytotoxicity  of  the  cross-linked  gelatin  microspheres  using  the  preosteoblast 
mouse  stromal  cells  (W-20-17).  (a)  The  effect  of  different  concentration  of  glyoxal 
of  gelatin  MSs  on  cell  viability  via  an  MTS  assay;  (b)  photomicrographs  of  cell 
morphology  using  a  microscope  (Nikon  ECLIPSE  TE-2000-U).  Cells  were  seeded  in 
24-well  plates  at  a  density  of  30,000  cells  per  well  and  incubated  with  10  mg  of  the 
gelatin  microspheres  for  3  days  (magnification  is  xlOO).  Each  value  represents  the 
mean±SD  (n  =  3).  ^denotes  significant  difference  compared  with  1  day  of  culture 
(P<  0.05).  **denotes  significant  difference  between  groups  at  the  same  time  point 
(P<  0.05). 
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showed  significantly  higher  metabolic  activity  at  day  3  than  at  day 
1  (P<  0.05),  indicating  that  the  cells  were  viable  in  the  presence  of 
the  cross-linked  gelatin  MSs.  However,  there  were  significant  dif¬ 
ferences  between  lower  concentrations  (10  and  20  mM)  and  higher 
concentration  (100  mM)  of  glyoxal  (P<0.05).  Consistent  with  an 
MTS  assay,  cellular  imaging  shows  that  cells  in  all  the  groups  sig¬ 
nificantly  proliferated  for  3  days  of  culture  (Fig.  4b),  suggesting 
the  non-cytotoxicity  of  gelatin  MSs. 

3.2.  Dissolution  rate  of  gelatin  MSs 

As  shown  in  Fig.  5a,  there  was  an  initial  burst  release  of  proteins 
from  the  gelatin  MSs  followed  by  a  sustained  slow  release.  How¬ 
ever,  there  was  a  significant  difference  between  groups  for  5  days 
of  incubation  (P<0.05).  The  cumulative  amount  of  proteins  re¬ 
leased  from  the  gelatin  MSs  decreased  with  increasing  concentra¬ 
tion  of  glyoxal.  In  addition,  the  dissolution  rate  of  gelatin  MSs 
was  compared  to  that  of  the  gelatin  MS-loaded  chitosan  gel 
(Fig.  5b).  Similarly,  there  was  a  significant  difference  in  dissolution 
rate  of  gelatin  MSs  with  different  degrees  of  cross-linking 
(P<  0.05).  The  gelatin  MSs  cross-linked  by  50  mM  glyoxal  showed 
a  significantly  lower  dissolution  rate  compared  with  the  other 
groups  after  10  h  and  1  day  of  incubation  (P<0.05).  However, 
there  was  no  significant  difference  between  groups  after  3  days 
of  incubation. 


Fig.  5.  Dissolution  rate  of  (a)  cross-linked  gelatin  microspheres;  (b)  cross-linked 
gelatin  microspheres  loaded  chitosan  gel.  The  samples  were  placed  into  PBS 
solution,  and  incubated  at  37  °C  for  5  days.  The  cumulative  amounts  of  dissolved 
proteins  from  gelatin  MSs  or  the  combination  were  determined  as  a  function  of 
time  by  bicinchoninic  acid  (BCA)  assay  at  562  nm.  Each  value  represents  the 
mean  ±  SD  (n  =  3). 


3.3.  SEM  images 

As  shown  in  Fig.  6,  SEM  images  show  surface  structures  of  dif¬ 
ferent  materials.  The  chitosan  gel  group  shows  a  porous  structure 
formed  by  some  salts  and  water  during  the  freeze-drying  process 
(Fig.  6a).  However,  encapsulation  of  gelatin  MSs  into  the  chitosan 
gel  induced  a  completely  different  structure.  Fig.  6b  shows  that 
un-cross-linked  gelatin  MSs  completely  dissolved  at  37  °C  for  5  h. 
The  newly  formed  structure  became  less  porous  compared  to  the 
chitosan  gel  (Fig.  6b),  indicating  that  the  chitosan  and  dissolved 
gelatin  blended  well.  On  the  other  hand,  the  cross-linked  gelatin 
MSs  did  not  completely  dissolve,  but  retained  their  microspherical 
structure  on  the  surface  of  the  chitosan  gel  network  (Fig.  6c),  indi¬ 
cating  the  enhanced  stability  of  cross-linked  gelatin  MSs. 

3.4.  In  vitro  release  studies 

The  in  vitro  release  behavior  of  IGF-1  and  BMP-2  from  the  deliv¬ 
ery  system  was  interpreted  as  the  cumulative  amount  of  the 
growth  factors  over  the  time.  Fig.  7  shows  the  in  vitro  release 
behaviors  of  IGF-1  from  cross-linked  gelatin  MSs  (IGF-1  (MSs))  or 
a  chitosan  gel  encapsulated  with  the  cross-linked  gelatin  MSs 
(IGF-1  (gel  +  MSs))  for  a  week.  IGF-1  release  behavior  from  IGF- 
l(MSs)  shows  a  high  initial  burst  release  within  1  day  followed 
by  a  slow  release  for  1  week  of  incubation.  The  encapsulation  of 
gelatin  MSs  into  the  chitosan  gel  (IGF-1  (gel  +  MSs))  significantly 
reduced  initial  release  amount  of  IGF-1  by  48%,  resulting  in  mini¬ 
mal  burst  release.  There  was  also  a  moderate  and  sustained  release 
from  IGF-1  (gel  +  MSs)  between  day  1  and  7.  The  cumulative  BMP-2 
release  profile  from  the  chitosan  gels  was  compared  with  IGF-1  re¬ 
lease  from  IGF-1  (gel  +  MSs).  The  cumulative  release  amount  of 
BMP-2  was  16.5  ng  ml-1  at  day  1  and  28.1  ng  ml-1  at  day  3,  while 
the  cumulative  release  amount  of  IGF-1  was  8.8  ng  ml-1  at  day  1 
and  10.8  ng  mb1  at  day  3.  During  this  period,  the  amount  of 
BMP-2  released  from  the  chitosan  gel  was  much  higher  than  that 
of  IGF-1.  However,  during  the  release  periods  between  day  3  and 
7,  the  release  rate  of  BMP-2  was  slower  than  that  of  IGF-1,  and  a 
greater  amount  of  IGF-1  was  released  from  the  delivery  system. 

3.5.  In  vitro  analysis 

3.5.1.  Effect  of  growth  factors  on  ALP  specific  activity  of  W -20-17 

W-20-17  cells  were  treated  with  growth  factors  (BMP-2,  IGF-1, 
or  combinations)  as  shown  in  Table  1.  The  ALP  specific  activity  was 
determined  at  days  5  and  7  of  incubation  by  normalizing  the  ALP 
amount  to  the  dsDNA  content  per  sample.  Fig.  8  shows  ALP  specific 
activity  of  W-20-17  at  different  conditions.  There  were  significant 
differences  in  ALP  specific  activity  among  the  various  growth  factor 
treatments.  At  5  days  of  cell  culture,  ALP  specific  activity  was  con¬ 
siderably  increased  with  BMP-2  treatment,  regardless  of  IGF-I 
incorporation.  Treatments  that  began  with  BMP-2  on  day  1  fol¬ 
lowed  by  BMP-2  alone  or  in  combination  with  IGF-I  on  day  3 
showed  significantly  higher  ALP  activity  than  any  other  treatments 
(P<0.05).  However,  there  was  no  significant  difference  between 
control  (no  growth  factors)  and  IGF-1  treatment  alone,  indicating 
IGF-1  alone  did  not  significantly  affect  the  early  osteoblast-associ¬ 
ated  genes.  At  7  days  of  cell  culture,  sequential  treatment  with 
BMP-2  on  day  1  followed  by  combined  BMP-2  and  IGF-I  on  day  3 
induced  significantly  greater  ALP  activity  than  any  other  treat¬ 
ments  (P<  0.05). 

Fig.  9  shows  the  effect  of  sequential  delivery  of  growth  factors 
by  the  chitosan  gel/gelatin  MSs  on  ALP  specific  activity  of  W-20- 
17.  Different  combinations  of  BMP-2  and  IGF-I  loading  were  shown 
in  Table  2.  W-20-17  cells  showed  increased  ALP  specific  activity  at 
5  days  of  culture  for  treatments  with  all  the  delivery  systems  com¬ 
pared  with  control  group.  However,  there  was  significant 
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Fig.  6.  SEM  micrographs  on  the  surface  of  (a)  a  chitosan  gel;  (b)  combination  of  un-cross-linked  gelatin  microspheres  and  a  chitosan  gel;  (c)  combination  of  cross-linked 
gelatin  microspheres  and  a  chitosan  gel.  Samples  were  incubated  at  37  °C  for  5  h  and  lypholized  overnight  before  the  examination  under  a  scanning  electron  microscope  (FEI, 
USA)  operated  at  15  kV  voltages.  Arrows  indicate  the  remaining  microspherical  structure  on  the  surface  of  the  chitosan  gel  network  (bar  =  100  pm). 


Fig.  7.  In  vitro  cumulative  release  profiles  of  growth  factors  from  the  materials  over 
a  week  period.  IGF-1  release  behavior  from  cross-linked  gelatin  MSs  (IGF-l(MSs)) 
was  compared  with  that  from  cross-linked  gelatin  MS-loaded  chitosan  gel  (IGF- 
l(gel  +  MSs)).  BMP-2  release  kinetics  from  a  chitosan  gel  was  also  compared  with 
IGF-1  release  from  IGF-1  (gel  +  MSs).  The  cumulative  release  amounts  of  BMP-2  and 
IGF-1  from  the  materials  were  determined  as  a  function  of  time  by  either  BMP-2  or 
IGF-1  ELISA  kits  at  450  nm.  Each  value  represents  the  mean  ±  SD  (n  =  3). 

difference  between  the  treatment  with  BMP-2  from  the  chitosan 
gel  and  with  BMP-2  sequentially  followed  by  IGF-1  from  the  gela¬ 
tin  MS-loaded  chitosan  gel  (P<  0.05).  At  7  days  of  cell  culture,  ALP 
specific  activity  was  significantly  greater  for  sequential  release  of 
BMP-2  followed  by  IGF-1  from  the  gelatin  MS-loaded  chitosan 
gel  than  all  other  treatments  (P<0.05).  This  result  indicates  the 
sequential  delivery  of  BMP-2  followed  by  IGF-1  by  the  chitosan 
gel/gelatin  MSs  induces  significantly  greater  ALP  activity  of  W- 
20-17  than  single  BMP-2  delivery  or  simultaneous  delivery  of 
BMP-2  and  IGF-1. 

4.  Discussion 

Recent  evidence  has  highlighted  the  importance  of  the  sequen¬ 
tial  release  of  growth  factors  in  order  to  optimize  their  efficacy 
[3,11-18,34,35].  Similarly,  this  study  demonstrates  that  a  sequen¬ 
tial  release  of  BMP-2  and  IGF-1  significantly  enhances  osteoblastic 
differentiation  compared  to  the  simultaneous  release  of  BMP-2  and 
IGF-1.  We  developed  a  chitosan  gel/gelatin  MS-based  delivery  sys¬ 
tem  for  the  sequential  administration  of  two  model  proteins,  BMP- 
2  and  IGF-1.  This  work  was  first  to  develop  the  cross-linked  gelatin 
MSs  for  delivery  of  IGF-1,  which  were  then  encapsulated  into  the 
chitosan  gel  for  sequential  release. 

Among  natural  polymers,  gelatin,  which  is  a  hydrolyzed  form  of 
collagen  Type  I,  has  been  widely  studied  in  the  forms  of  films, 


Fig.  8.  Effect  of  growth  factors  on  alkaline  phosphatase  (ALP)  specific  activity  of  W- 
20-17  cells.  The  cells  were  seeded  in  24-well  plates  at  a  density  of  30,000  cells  per 
well  and  cultured  for  7  days.  On  days  1  and  3,  50  ng  ml-1  of  each  growth  factor  or 
their  combination  was  added  as  shown  in  Table  1.  The  culture  medium  was 
changed  every  3  days.  The  ALP  activity  was  determined  at  5  and  7  days  of  cultures 
and  normalized  for  the  dsDNA  content.  ALP  activity  is  expressed  as  nmol  ng-1.  Each 
value  represents  the  mean  ±  SD  (n  =  3).  *denotes  significant  increase  compared  with 
control  group  A  (no  growth  factor)  at  each  time  point  (P<0.05).  **denotes 
significant  difference  between  groups  at  the  same  time  point  (P<  0.05).  Each  group 
(A-H)  is  listed  in  Table  1. 

hydrogels,  and  microspheres  [29-33,36-40].  However,  gelatin 
rapidly  dissolves  in  an  aqueous  environment  at  body  temperature, 
and  exhibits  uncontrolled,  fast  release  kinetics  of  growth  factors. 
For  controlled  release  applications,  gelatin  MSs  have  been  cross- 
linked  to  improve  their  thermal  stability  [27,29,30].  In  this  study, 
we  cross-linked  gelatin  MSs  with  glyoxal,  which  was  reported  to 
be  less  toxic  than  commonly  used  cross-linkers,  i.e.  aldehydes  such 
as  formaldehyde,  glutaraldehyde,  and  glyceraldehyde  [27,32,37, 
41-43].  The  FTIR  spectra  revealed  the  formation  of  Schiff  bases  be¬ 
tween  amide  groups  of  the  gelatin  and  carbonyl  groups  of  glyoxal, 
which  was  the  result  of  the  cross-linking  reaction  [29,31].  In  this 
study,  the  degree  of  cross-linking  significantly  increased  with 
increasing  concentration  of  glyoxal  (P<  0.05)  and  reached  a  maxi¬ 
mum  at  50  mM  glyoxal.  The  cross-linking  considerably  reduced 
swellability  of  the  gelatin  MSs  and  enhanced  their  water  stability 
in  an  aqueous  environment.  Cells  in  all  the  groups  showed  signifi¬ 
cantly  increased  metabolic  activity  during  3  days  of  culture 
(P<  0.05).  However,  cell  growth  and  proliferation  were  slower  in 
the  gelatin  MSs  cross-linked  with  a  higher  concentration  of  glyoxal, 
indicating  that  optimizing  the  glyoxal  concentration  can  provide  a 
more  suitable  for  carrier  biomaterial.  The  cross-linking  between 
gelatin  molecules  and  glyoxal  increased  thermal  stability  and  de¬ 
creased  dissolution,  significantly  slowing  down  the  release  rate  of 
IGF-1.  Patel  et  al.  used  glutaraldehyde  cross-linked  gelatin  MSs  for 
the  controlled  release  of  BMP-2.  In  their  study,  gelatin  cross-linking 
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Fig.  9.  Effect  of  sequential  delivery  systems  on  alkaline  phosphatase  (ALP)  specific 
activity  of  W-20-17  cells.  Indirect  culture  via  BD  BioCoat™  Control  Cell  Culture 
inserts  was  used  as  a  model  system  to  evaluate  the  cell  responses  from  the 
materials.  The  growth  factor  loaded  materials  were  placed  in  the  upper  chamber  of 
inserts  as  shown  in  Table  2.  Cells  were  seeded  in  the  bottom  of  12-well  plates  at  a 
density  of  30,000  cells  per  well  and  cultured  for  7  days.  The  culture  medium  was 
changed  every  3  days.  The  ALP  activity  was  determined  at  5  and  7  days  of  cultures 
and  normalized  for  the  dsDNA  content.  ALP  activity  is  expressed  as  nmol  ng-1.  Each 
value  represents  the  mean  ±  SD  (n  =  3).  *denotes  significant  increase  compared  with 
control  group  A  (no  growth  factor)  at  each  time  point  (P<0.05).  **denotes 
significant  difference  between  groups  at  the  same  time  point  (P  <  0.05).  Each  group 
(A-D)  is  listed  in  Table  2. 

and  enzymatic  degradation  significantly  reduced  the  initial  burst 
release  and  provided  linear  release  kinetics  of  BMP-2  in  vitro  there¬ 
after  [31  ].  In  another  study,  Vandelli  et  al.  reported  that  glyceralde- 
hyde  cross-linked  gelatin  MSs  showed  a  decrease  in  swelling  and 
the  in  vitro  drug  release  under  physiological  conditions  [37]. 

We  also  investigated  the  dissolution  rates  of  the  gelatin  MS- 
loaded  chitosan  gel.  The  findings  from  this  study  suggest  that 
encapsulation  of  gelatin  MSs  into  a  chitosan  gel  significantly  re¬ 
duced  the  initial  dissolution  rate  of  gelatin  MSs.  This  is  probably  be¬ 
cause  gelatin  molecules  form  polyelectrolyte  complexes  with 
chitosan  molecules.  Chitosan  is  a  cationic  biopolymer  with  a  p I<a 
of  6.5  due  to  the  presence  of  amino  groups  [25-28,44].  Gelatin 
MSs  used  in  this  study  are  negatively  charged  type  B  gelatin 
(IEP  =  5)  [23,31,44].  Oppositely  charged  chitosan  and  gelatin  mole¬ 
cules  can  readily  form  polyelectrolyte  complexes.  These  intermo- 
lecular  interactions  and  cross-linking  effects  are  further  suggested 
by  the  morphological  changes  seen  by  SEM.  It  was  found  that  the 
gelatin  MSs  blended  well  with  the  chitosan  gel.  This  is  probably 
due  to  many  functional  groups  of  both  gelatin  and  chitosan 
[28,44,45].  In  addition,  Huang  et  al.  reported  that  a  combination 
of  these  two  biopolymers  significantly  affects  the  biological  charac¬ 
teristics,  and  the  material’s  degradation  kinetics  and  mechanical 
strength  [28].  These  results  suggest  that  the  cross-linking  of  gelatin 
MSs  and  the  formation  of  polyionic  complexes  by  the  chitosan  and 
gelatin  provide  a  good  medium  for  controlled  release  of  proteins. 

The  in  vitro  release  behavior  of  IGF-1  and  BMP-2  from  the  deliv¬ 
ery  system  showed  that  the  encapsulation  of  gelatin  MSs  into  a 
chitosan  gel  significantly  reduced  the  initial  burst  release  of  IGF- 
1  (P  <  0.05)  and  provided  a  moderate,  sustained  release.  The  cumu¬ 
lative  amount  of  BMP-2  released  from  the  chitosan  gel  was  signif¬ 
icantly  higher  than  that  of  the  IGF-1  from  the  gelatin  MSs  during 
3  days  of  incubation  (P<  0.05).  However,  the  amount  of  IGF-1  re¬ 
leased  was  higher  than  that  of  BMP-2  during  the  period  between 
3  and  7  days  of  incubation.  This  result  demonstrates  that  the  com¬ 
bination  of  gelatin  MSs  and  a  chitosan  gel  induces  sequential  re¬ 
lease  of  BMP-2  followed  by  IGF-1  over  a  week. 

In  addition  to  the  carrier  materials’  characteristics  such  as 
cross-linking  and  polyionic  complexation,  interaction  between 


gelatin  and  growth  factors  also  affects  the  product’s  loading  effi¬ 
cacy  and  release  kinetics  [23,29,30,37,38].  It  is  important  to  mini¬ 
mize  the  loss  of  bioactivity  resulting  from  denaturation  and 
deactivation  of  growth  factors  during  the  loading  process  [29]. 
Chen  et  al.  investigated  the  controlled  delivery  of  IGF-1  from  dex- 
tran-co-gelatin  microspheres  for  periodontal  regeneration  [23]. 
Their  results  showed  that  a  polyion  complexation  between  gelatin 
and  IGF-1  is  stable  and  can  be  used  for  the  sustained  release  of 
numerous  charged  molecules.  In  this  regard,  physical  absorption 
using  polyion  complexation  is  a  relatively  simple  and  non-destruc¬ 
tive  method  [1,2,30].  In  this  study,  when  positively  charged  IGF-1, 
with  IEP  of  8.6,  was  loaded  into  the  negatively  charged  gelatin  MSs 
(IEP  =  5)  [23,24],  they  formed  a  polyion  complexation.  This  com¬ 
plex  allowed  the  IGF-1  to  be  well  absorbed  into  the  gelatin  MSs 
while  maintaining  its  bioactivity  [23,29-31]. 

To  better  evaluate  the  sequential  delivery  of  growth  factors  on 
the  cell  responses,  we  first  established  a  growth  factor-cell  re¬ 
sponse  calibration  model.  We  used  ALP  activity  as  an  indicator  of 
cell  response  to  BMP-2  and  IGF-1.  We  found  that  the  combination 
of  BMP-2  followed  by  BMP-2/IGF-1  resulted  in  the  greatest  ALP 
activity  of  osteoblastic  precursor  cells.  Sustained  exposure  of  cells 
to  BMP-2  significantly  increased  ALP  activity.  However,  IGF-I  alone 
did  not  affect  the  cell’s  proliferation  or  early  osteogenic  differenti¬ 
ation.  Our  results  are  consistent  with  previous  studies  [14,18], 
though  they  used  two  layers  of  gelatin  gels  cross-linked  with  glu- 
taraldehyde  and  two  other  cell  lines.  Consequently,  we  selected 
four  experimental  groups  and  used  the  newly  developed  delivery 
system  to  release  growth  factors  in  a  controlled  fashion,  including 
sequential  and  simultaneous  delivery  groups,  to  achieve  the  simi¬ 
lar  trends  of  cell  response.  The  cell  responses  induced  by  the  deliv¬ 
ery  system  were  consistent  with  those  by  addition  of  growth 
factors  into  medium.  A  sustained  delivery  of  BMP-2  in  addition 
to  a  controlled,  sequentially  release  of  IGF-1  significantly  increased 
the  ALP  activity  of  W-20-17  cells. 

The  recent  studies  suggested  that  ideal  release  strategy  for 
rhBMP-2  includes  both  a  burst  and  a  sustained  release  for  new 
bone  formation  [46,47].  For  large  critical-sized  bone  defects,  a 
burst  release  helps  to  attract  osteoprogenitor  cells  into  the  delivery 
system  while  a  sustained  release  promotes  osteoblastic  differenti¬ 
ation  [46,47].  Brown  et  al.  reported  that  a  burst  followed  by  a  sus¬ 
tained  release  of  rhBMP-2  from  biodegradable  polyurethane  (PUR) 
scaffolds  enhanced  bone  regeneration  relative  to  a  sustained  re¬ 
lease  without  the  burst  [46].  The  burst  release  of  rhBMP-2  func¬ 
tions  as  a  chemoattractive  protein  for  the  recruitment  and 
condensation  of  osteoprogenitor  cells  into  the  scaffold  [47].  On 
the  other  hand,  the  sustained  delivery  of  rhBMP-2  enhances  bone 
regeneration  by  affecting  a  larger  population  of  osteoprogenitor 
cells  at  the  fracture  and  promoting  vasculogenesis  [46,48].  Our 
study  also  showed  an  initial  burst  followed  by  a  sustained  release 
of  BMP-2  over  a  week.  Consequently,  the  initial  burst  release  of 
BMP-2  followed  by  the  sustained  releases  of  both  BMP-2  and 
IGF-1  may  synergistically  enhance  bone  regeneration. 

One  of  the  weaknesses  of  this  study  is  that  it  only  evaluated  one 
cell  type  and  one  osteoblastic  differentiation  biomarker.  ALP  activ¬ 
ity  is  a  potent  marker  of  early  osteoblastic  differentiation,  but  the 
ultimate  marker  or  goal  of  in  vitro  osteoblastic  differentiation  is 
whether  or  not  cells  stimulate  matrix  mineralization.  Our  previous 
study  showed  that  the  late  marker  of  osteoblastic  differentiation 
such  as  mineralization  and  osteocalcin  was  not  dependent  on  the 
presence  of  BMP-2  in  W-20-17  cultures  [25].  Therefore,  we  had  se¬ 
lected  ALP  activity  as  a  single  early  marker  of  osteoblastic  differen¬ 
tiation  in  this  study.  Additionally,  cell  responses  are  highly  variable 
depending  on  cell  types,  species,  and  different  phases  of  phenotype 
maturation  [25,49,50].  As  the  goal  of  this  study  was  to  develop  and 
characterize  a  sequential  delivery  system  of  growth  factors,  the 
aforementioned  variables  were  not  adjusted  and  future  research 
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should  be  undertaken  to  determine  the  long  term  effects  of  the 
delivery  system  with  regard  to  release  profile,  degradation  behav¬ 
ior,  and  calcium  mineral  deposition. 

5.  Conclusions 

In  this  study  we  have  synthesized  and  characterized  a  chitosan 
gel/gelatin  MS-based  delivery  system.  We  also  demonstrated  a 
sequential  administration  of  two  model  proteins,  BMP-2  and  IGF- 
1  by  this  delivery  system.  The  controlled  releases  of  these  two  pro¬ 
teins  are  regulated  by  the  degree  of  cross-linking  of  gelatin  MSs, 
the  encapsulation  of  gelatin  MSs  into  the  chitosan  gel,  and  the 
interactions  between  proteins  and  carriers.  The  enhanced  effect 
of  sequential  administration  of  BMP-2  and  IGF-1  on  early  osteo¬ 
blastic  differentiation  marker  activity  was  clearly  validated  by 
the  addition  of  growth  factors  to  the  medium  and  the  experimental 
delivery  system.  The  advantage  of  this  protocol  is  that  the  delivery 
effect  can  be  validated  and  can  be  extended  to  other  delivery  sys¬ 
tems  and  proteins. 
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Appendix  A.  Figures  with  essential  colour  discrimination 

Certain  figure  in  this  article,  particularly  Figs.  5  and  7,  is  difficult 
to  interpret  in  black  and  white.  The  full  colour  image  can  be  found 
in  the  on-line  version,  at  doi:  10.1 01 6/j.actbio.201 2.01. 009. 
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In  this  study,  we  aimed  to  establish  an  in  vitro  bacterium/bone  cell  coculture  model  system  and  to  use  this  model  for  dose  depen¬ 
dence  studies  of  dual  administration  of  antibiotics  and  growth  factors  in  vitro.  We  examined  the  effect  of  single  or  dual  adminis¬ 
tration  of  the  antibiotic  vancomycin  (VAN)  at  0  to  16  |mg/ml  and  bone  morphogenetic  protein-2  (BMP-2)  at  0  or  100  ng/ml  on 
both  methicillin-sensitive  Staphylococcus  aureus  and  mouse  bone  marrow  stromal  cells  (W-20-17)  under  both  mono-  and  cocul¬ 
ture  conditions.  Cell  metabolic  activity,  Live/Dead  staining,  double- stranded  DNA  (dsDNA)  amounts,  and  alkaline  phosphatase 
activity  were  measured  to  assess  cell  viability,  proliferation,  and  differentiation.  An  interleukin-6  (IL-6)  enzyme-linked  immu¬ 
nosorbent  assay  (ELISA)  kit  was  used  to  test  the  bone  cell  inflammation  response  in  the  presence  of  bacteria.  Our  results  suggest 
that,  when  delivered  together  in  coculture,  VAN  and  BMP-2  maintain  their  primary  functions  as  an  antibiotic  and  a  growth  fac¬ 
tor,  respectively.  Most  interestingly,  this  dual-delivery  type  of  approach  has  shown  itself  to  be  effective  at  lower  concentrations 
of  VAN  than  those  required  for  an  approach  relying  strictly  on  the  antibiotic.  It  may  be  that  BMP-2  enhances  cell  proliferation 
and  differentiation  before  the  cells  become  infected.  In  coculture,  a  dosage  of  VAN  higher  than  that  used  for  treatment  in  mon¬ 
oculture  may  be  necessary  to  effectively  inhibit  growth  of  Staphylococcus  aureus.  This  could  mean  that  the  coculture  environ¬ 
ment  may  be  limiting  the  efficacy  of  VAN,  possibly  by  way  of  bacterial  invasion  of  the  bone  cells.  This  report  of  a  coculture  study 
demonstrates  a  potential  beneficial  effect  of  the  coadministration  of  antibiotics  and  growth  factors  compared  to  treatment  with 
antibiotic  alone. 


The  regeneration  of  contaminated  bony  tissue  defects  poses  it¬ 
self  as  one  of  the  major  areas  of  concern  in  the  field  of  bone 
tissue  engineering,  especially  with  regard  to  war  traumas  in  ex¬ 
tremities,  where  infection  of  open  type  III  fractures  is  all  but  cer¬ 
tain  (10,  33).  These  bacterial  infections  complicate  the  already 
strenuous  repair  process,  often  resulting  in  slower  union  rates  or 
even  amputation  (7, 22).  At  the  present,  standard  clinical  care  is 
a  two-phase  process.  First,  antibiotics  are  administered  to  stop 
any  ongoing  infection  of  the  bony  tissue  if  present.  Second,  a 
bone  graft  is  implanted,  and  bone  growth  factors  are  delivered 
to  facilitate  the  regrowth  of  natural  bone  tissue  by  using  the 
patient’s  resident  osteoblasts.  While  this  treatment  protocol  is 
designed  to  prevent  contamination  and  promote  bone  growth, 
recurrent  infection  following  implantation  of  the  graft  contin¬ 
ues  to  be  a  major  barrier  to  generating  consistently  positive 
outcomes  (2,  19,  29,  48). 

One  suggested  approach  to  combating  this  issue  is  to  use  a 
specialized  synthetic  bone  graft  material  capable  of  delivering 
both  antibiotics  and  growth  factors  locally  after  implantation  (9, 
1 6, 25, 3 1 , 46, 47, 50) .  While  antibiotic  integration  into  bone  grafts 
has  been  proven  successful,  less  work  has  been  done  to  deliver  an 
antibiotic  and  a  growth  factor  together  (either  in  series  or  parallel) 
(24,  25).  As  a  result  of  limiting  the  need  for  the  antibiotic  to  travel 
systemically,  there  are  higher  antibiotic  levels  at  the  site  of  the 
wound  and  systemically  safe  levels,  thus  paving  the  way  for  resi¬ 
dent  osteoblasts  to  penetrate  into  the  graft  well  before  the  offend¬ 
ing  bacteria  are  able  to  reach  high  confluence  and  form  biofilms 
(38).  Moreover,  combined  treatment  with  bone  growth  factors 
such  as  bone  morphogenetic  protein-2  (BMP-2)  can  accelerate 
the  healing  process  in  a  simple,  streamlined  delivery  approach  (14, 


20,  23,  28,  34,  37).  With  the  emergence  of  these  complex  dual- 
purpose  grafts,  the  need  for  a  flexible  in  vitro  test  system  highly 
representative  of  in  vivo  conditions  is  of  paramount  importance  in 
helping  to  smooth  the  natural  transition  into  animal  studies.  Such 
a  model  system  would  allow  more  realistic  assessment  of  different 
clinical  treatment  options  in  a  rapid,  cost-efficient,  and  safe  man¬ 
ner,  especially  with  regard  to  testing  possibly  host-toxic  therapies. 

Here,  we  aimed  to  establish  an  in  vitro  bacterium/bone  cell 
coculture  model  system  and  to  use  this  model  for  dose  depen¬ 
dence  studies  of  the  dual  administration  of  antibiotics  and  growth 
factors  in  vitro.  We  examined  the  interactions  between  our  two 
tested  model  cell  lines  (W-20-17  mouse  bone  marrow  stromal 
cells  [mBMSCs]  and  methicillin-sensitive  S.  aureus  ATCC  6538) 
as  well  as  their  responses  to  various  treatments  with  vancomycin 
(VAN)  at  0  to  16  |Jig/ml  and  BMP-2  at  0  or  100  ng/ml  both  in 
mono-  and  coculture  (13).  S.  aureus  is  a  highly  infectious  Gram¬ 
positive  bacterium  known  for  its  ability  to  internalize  itself  within 
mammalian  cells  and  is  the  predominant  cause  of  bone  graft  fail¬ 
ures  (2,  3,  8,  9,  11,  12,  15,  19,  29,  30,  32,  36,  44,  48).  W-20-17  is 
derived  from  mouse  bone  marrow  stromal  cells  and  has  been  used 
as  an  ASTM  (F2 131)  standard  test  for  in  vitro  biological  activity  of 
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BMP-2.  Previous  studies  showed  that  BMP-2  significantly  stimu¬ 
lated  alkaline  phosphatase  (ALP)  activity  in  W-20-17  in  a  dose- 
dependent  manner  (26).  With  so  many  antibiotics  available  for 
treatment  of  infections  by  Gram-positive  bacterial  strains  such  as 
our  chosen  methicillin- sensitive  S.  aureus  (MSSA)  strain,  vanco¬ 
mycin  presents  itself  as  one  of  the  most  aggressive  antibiotics 
available  for  clinical  use  and  has  been  proven  to  work  very  well 
against  methicillin-resistant  S.  aureus  (MRSA)  while  still  being 
effective  against  MSSA  (21,  38,  39,  41,  43).  While  toxicity  of  the 
drug  is  often  considered  a  deterrent  for  its  use,  vancomycin  is  only 
toxic  at  levels  well  above  the  MIC  for  nonresistant  S.  aureus  (21, 
43).  Regardless,  we  also  assessed  whether  or  not  concentrations  of 
vancomycin  well  above  our  suspected  working  levels  (up  to  200 
|jig/ml)  would  be  toxic  to  our  W-20-17  cells.  Because  of  the  many 
complications  involved  in  performing  cocultures  of  this  nature, 
we  utilized  a  modified  version  of  a  previously  created  system  in 
order  to  establish  our  model  (the  details  of  which  are  explained 
below)  (6,  13).  Note  that  the  design  of  our  system  is  fairly  modu¬ 
lar,  allowing  the  substitution  of  different  cell  lines  and  substances 
in  order  to  meet  the  demands  of  multiple  experimental  condi¬ 
tions. 

We  hypothesized  that  BMP -2  and  VAN  would  maintain  their 
respective  primary  functions  on  their  target  cell  lines  when  deliv¬ 
ered  together  in  our  coculture  system.  To  test  this,  cell  viability, 
proliferation,  and  differentiation  under  an  array  of  conditions  and 
across  a  number  of  time  points  were  measured.  Our  findings  show 
that  even  when  delivered  together  in  coculture,  VAN  and  BMP-2 
do  not  lose  their  functionality  as  an  antibiotic  and  a  growth  factor, 
respectively.  Moreover,  some  evidence  suggests  that  the  addition 
of  BMP -2  can  reduce  the  amount  of  VAN  necessary  to  inhibit 
bacterial  growth  and  thus  allow  more  rapid  bone  cell  proliferation 
and  differentiation. 

MATERIALS  AND  METHODS 

Culture  of  bacteria.  A  clinical  strain  of  S.  aureus  (ATCC  6538)  was  prop¬ 
agated  according  to  the  guidelines  provided  by  the  vendor.  Briefly,  cells 
were  grown  in  200  ml  of  tryptic  soy  broth  (TSB)  in  a  1 -liter  Erlenmeyer 
flask  and  incubated  at  37°C  in  a  humidified  incubator.  Once  cells  reached 
an  optical  density  at  600  nm  (OD600)  of  —0.5,  they  were  centrifuged  (10 
min  at  4,300  X  g  and  4°C)  and  resuspended  in  a  20%  glycerol  solution. 
Aliquots  of  this  suspension  were  then  frozen  in  liquid  nitrogen  and  stored 
at  —  80°C  until  needed  for  culture. 

Culture  of  mouse  bone  cells.  W-20-17cells  (ATCC)  were  propagated 
according  to  the  guidelines  provided  by  the  vendor.  Briefly,  cells  were 
grown  and  maintained  in  Dulbecco’s  modified  Eagle’s  medium  (DMEM) 
with  10%  fetal  bovine  serum  (FBS),  a  1%  antibiotic/ antimycotic  mixture, 
5  ml  of  L-glutamine  (200  mM),  and  sodium  pyruvate.  This  cell  line  is 
an  ASTM  standard  to  evaluate  activity  of  BMP-2  in  vitro.  The  cells  were 
cultured  in  an  incubator  supplied  with  5%  C02  at  37°C.  Medium  was 
replaced  every  3  days.  To  prevent  oversaturation  of  the  flask,  cultures  were 
periodically  subjected  to  passage  prior  to  the  cells  reaching  high  conflu¬ 
ence. 

Preparation  of  VAN  and  BMP-2  treatments.  Vancomycin  treatments 
were  prepared  by  dissolving  dry  vancomycin  hydrochloride  (Acros  Or¬ 
ganics)  in  phosphate-buffered  saline  (PBS).  Serial  dilutions  were  per¬ 
formed  to  create  stocks  with  concentrations  of  160,  80,  40,  20,  and  10  pg 
of  VAN/ml  (1,  5,  17,  21,  40,  43).  These  stocks  were  then  run  through  a 
sterile  filter  and  refrigerated  until  use.  BMP-2  stocks  (R&D  Inc.)  were 
similarly  suspended  in  PBS  and  stored  at  —  20°C  until  use. 

Experimental  design.  For  monocultures,  S.  aureus  bacteria  were 
grown  in  24-well  plates.  Appropriate  volumes  of  TSB,  VAN,  BMP-2,  and 
phosphate-buffered  saline  (PBS)  were  added  to  each  well  such  that  the 


final  volume  was  500  pi  (1,000  pi  for  cultures  used  in  ALP  and  double- 
stranded  DNA  [dsDNA]  assays).  Cells  from  thawed  frozen  stock  were 
seeded  to  a  final  concentration  of  105  CFU/ml  and  incubated  at  37°C  in  a 
humidified  incubator  (5%  C02).  Tested  final  concentrations  of  VAN  were 
0,  1,  2,  4,  8,  and  16  pg/ml,  while  tested  concentrations  of  BMP-2  were  0 
and  100  ng/ml.  W-20-17  cells  were  also  grown  in  monoculture  in  24-well 
plates.  Cells  were  seeded  to  a  final  concentration  of  15,000  cells  per  well  in 
DMEM  and  incubated  at  37°C  in  a  humidified  incubator  (5%  C02). 
Tested  final  concentrations  of  VAN  were  0, 1,  2, 4,  8,  and  16  pg/ml,  while 
tested  concentrations  of  BMP-2  were  0  and  100  ng/ml.  For  treatments 
requiring  either  zero  VAN  or  zero  BMP-2,  the  appropriate  volume  of  PBS 
was  added  instead.  For  culture  growth  for  longer  times,  culture  medium 
and  treatments  were  replaced  with  fresh  medium  and  the  appropriate 
amounts  of  each  VAN  or  BMP-2  treatment  every  3  days.  All  concentra¬ 
tions  were  kept  constant  throughout  the  culture  period. 

Bacterial  cells  used  for  coculture  were  taken  from  a  growing  liquid 
culture.  A  125-ml  flask  containing  10  ml  of  TSB  was  inoculated  with  S. 
aureus  bacteria  and  allowed  to  grow  overnight  in  a  humidified  incubator 
(37°C,  5%  C02),  with  shaking  at  200  rpm.  The  following  day,  the  culture 
was  centrifuged  (10  min  at  4,300  X  g  and  4°C)  and  the  pellet  was  washed 
with  10  ml  of  Hank’s  balanced  salt  solution  (HBSS)  and  resuspended  in  10 
ml  of  DMEM-p  (DMEM,  10%  FBS,  0%  penicillin,  5  ml  of  L-glutamine 
[200  mM],  and  sodium  pyruvate).  Cocultures  of  S.  aureus  and  W-20-17 
cells  were  performed  through  a  series  of  incubations,  washes,  and  medium 
changes.  First,  W-20-17  cells  were  cultured  overnight  as  described  previ¬ 
ously.  After  incubation,  culture  wells  were  aspirated  and  rinsed  twice  with 
500  pi  of  HBSS  before  replacement  of  the  medium  with  480  pi  of 
DMEM-p.  Next,  the  mouse  cell  cultures  were  infected  with  20  pi  of  S. 
aureus  suspension  for  an  approximate  final  concentration  of  107  CFU/ml, 
a  concentration  higher  than  that  used  for  monocultures  in  order  to  aid  in 
the  differentiation  of  treatment  groups  by  using  a  more  stringent  set  of 
conditions.  This  coculture  was  then  incubated  for  45  min  at  37°C.  Follow¬ 
ing  the  45 -min  infection  period,  cell  culture  wells  were  aspirated  and 
washed  twice  with  500  pi  of  HBSS  to  remove  as  much  of  the  extracellular 
bacteria  as  possible  and  incubated  at  37°C  in  400  pi  of  DMEM-p  and  100 
pi  of  a  predetermined  treatment  combination  of  VAN  (0,  1,  2,  4,  8,  or  16 
pg/ml)  and  BMP-2  (0  or  100  ng/ml). 

Measurement  of  metabolic  activity.  Metabolic  activity  was  measured 
using  Promega  CellTiter96  AQueous  One  solution  (MTS  [3-(4,5-dimeth- 
ylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tet- 
razolium,  inner  salt] )  as  directed  by  the  supplier.  At  predetermined  time 
points,  the  number  of  viable  cells  was  determined  quantitatively  accord¬ 
ing  to  the  manufacturer’s  instructions.  For  monocultures,  the  metabolic 
activity  of  S.  aureus  or  W-20-17  cells  was  tested  separately  (in  TSB  or 
DMEM,  respectively).  For  cocultures,  the  metabolic  activity  of  W-20-17 
cells  was  evaluated  by  culturing  a  S.  aureus  monoculture  ( 107  CFU/ml)  in 
parallel  with  the  coculture  (using  the  same  treatments  and  under  the  same 
conditions)  and  subtracting  the  monoculture  background  from  the  co¬ 
culture  measurement.  To  remove  as  much  of  the  residual  bacteria  as  pos¬ 
sible,  culture  medium  was  aspirated,  washed  twice  with  500  pi  of  HBSS, 
supplied  with  400  pi  of  fresh  DMEM-p  and  100  pi  of  the  treatment,  and 
incubated  for  30  min  before  the  reagent  was  added.  Assays  began  with  100 
pi  of  the  reagent  being  added  to  each  well  of  the  24-well  plate.  Cultures 
were  then  placed  in  a  humidified  incubator  at  37°C  for  1  h.  Finally,  100  pi 
of  each  well  was  transferred  to  a  96-well  assay  plate  and  measured  at  490 
nm  in  a  microplate  reader  (TECAN  Infinite  F50). 

Staining  and  visualization  of  cells.  Qualitative  analysis  of  cell  cultures 
was  accomplished  using  Invitrogen  Live/Dead  (L/D)  cell  viability  kits  as 
directed  by  the  supplier.  Bacterial  monocultures  were  visualized  using  a 
Live/Dead  BacLight  Bacterial  Viability  kit,  whereas  W-20-17  monocul¬ 
tures  and  cocultures  were  visualized  using  a  Live/Dead  Mammalian  Cell 
Viability  kit.  Photomicrographs  of  cells  were  documented  using  a  micro¬ 
scope  (Nikon  Eclipse  TE-2000-U)  and  processed  using  MetaVue  software 
(Nikon  MetaVue)  after  1,2,  and  3  days  ofW-20-17  monoculture,  3  days  of 
S.  aureus  monoculture,  and  1,  3,  and  7  days  of  coculture. 
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FIG  1  Measure  of  metabolic  activity  of  W-20-17  treated  with  0  to  16  fig/ml  VAN  in  combination  with  (a)  0  ng/ml  BMP-2  or  (b)  100  ng/ml  BMP-2  over  3  days 
using  an  MTS  colorimetric  assay.  Higher  OD490  values  indicate  greater  metabolic  activity.  The  initial  cell  density  was  15,000  cells  per  well  for  3  days.  The 
absorbance  is  expressed  as  a  measure  of  the  cell  viability  via  cell  culture  media  for  3  days  of  incubation.  Each  value  represents  the  mean  ±  SD  ( n  =  3 ) .  * ,  statistically 
significant  difference  compared  with  1  day  of  culture  (P  <  0.05).  **,  statistically  significant  difference  between  different  time  points  (P  <  0.05). 


Preparation  of  cell  culture  lysate  for  ALP  and  dsDNA.  At  the  desig¬ 
nated  time,  the  medium  was  removed  from  the  cell  culture.  The  cell  layers 
ofW-20-17  were  washed  twice  with  PBS  (pH  7.4)  and  then  lysed  with  1  ml 
of  0.2%  Triton  X-100  by  three  freeze-thaw  cycles,  which  consisted  of 
freezing  at  —  80°C  for  30  min  immediately  followed  by  thawing  at  37°C  for 
15  min.  The  cell  lysates  were  used  to  determine  ALP  activity  and  double- 
stranded  DNA  levels. 

Preparation  of  bacterial  cell  culture  lysate  for  ALP  and  dsDNA.  At 

the  designated  time,  the  samples  in  each  well  were  mixed  and  transferred 
to  microcentrifuge  tubes  and  centrifuged  for  15  min  at  10,000  X  g  and 
4°C.  The  supernatant  was  removed,  and  the  pellet  was  then  resuspended 
in  1,000  |ixl  of  0.2%  Triton  X-100.  Lysis  was  achieved  by  performing  four 
freeze-thaw  cycles,  which  consisted  of  freezing  at  —  80°C  for  30  min  im¬ 
mediately  followed  by  thawing  at  37°C  for  15  min.  The  cell  lysates  were 
used  to  determine  ALP  activity  and  double-stranded  DNA  levels. 

Measurement  of  ALP  activity.  The  cell  lysates  were  assayed  for  the 
presence  of  ALP,  an  important  marker  for  determining  osteoblast  pheno¬ 
type.  Aliquots  (50  pi)  of  the  cell  lysates  were  sampled  and  added  to  50  pi 
of  working  reagent  in  a  96-well  assay  plate.  The  working  regent  contained 
equal  parts  (1:1:1)  of  1.5  M  2-amino-2-methyl-l -propanol  (Sigma),  20 
mM  p-nitrophenyl  phosphate  (Sigma),  and  1  mM  magnesium  chloride. 
The  samples  then  were  incubated  for  1  h  at  37°C.  After  incubation,  the 
reaction  was  stopped  with  100  pi  of  1  N  sodium  hydroxide  on  ice.  ALP 
activity  was  determined  from  the  absorbance  using  a  standard  curve  pre¬ 
pared  from  p-nitrophenol  stock  standard  (Sigma).  The  absorbance  was 
measured  at  405  nm  using  a  microplate  reader  (Bio-Rad  model  680).  The 
ALP  activity  of  cells  was  then  calculated  by  normalizing  to  double- 
stranded  DNA  (dsDNA).  ALP  activity  was  expressed  as  nanomoles  per 
nanogram. 

Measurement  of  dsDNA  amount.  The  cell  lysates  were  examined  for 
double-stranded  DNA  to  estimate  cell  numbers.  Aliquots  (50  pi)  of  the 
cell  lysates  were  added  in  a  96-well  assay  plate.  A  50- pi  volume  of  a  1:200 
dilution  of  PicoGreen  (Quant-iT  PicoGreen  assay  kit;  Invitrogen)  was 
added  to  each  well  and  incubated  for  5  min  in  the  dark.  The  assay  plate  was 
read  (485-nm  excitation  and  530-nm  emission)  using  a  BioTek  LLx800 
plate  reader.  The  double-stranded  DNA  content  was  calculated  using  a 
standard  curve  made  using  a  provided  dsDNA  standard  sample.  Amounts 
of  dsDNA  were  measured  using  a  PicoGreen  fluorescence  assay  to  stan¬ 
dardize  ALP  production  measurements. 

Measurement  of  IL-6  response.  Interleukin-6  (IL-6)  production  by 
W-20-17  in  coculture  was  measured  using  an  Invitrogen  IL-6  enzyme- 
linked  immunosorbent  assay  (ELISA)  kit  with  minor  modifications  to  the 


sampling  protocol  provided  by  the  supplier.  Samples  tested  were  prepared 
from  the  supernatant  of  each  culture.  Briefly,  S.  aureuslW -20-17  cocul¬ 
tures  and  W-20-17  monocultures  were  performed  as  described  previ¬ 
ously.  After  3  days  of  incubation,  the  medium  from  each  well  was  trans¬ 
ferred  to  individual  micro  centrifuge  tubes  and  centrifuged  for  5  min  at 
300  X  g  and  4°C.  The  resulting  supernatant  was  then  stored  at  —  20°C 
until  measurement  using  the  ELISA  kit.  The  assay  was  performed  as  writ¬ 
ten  in  the  kit’s  instructions.  Briefly,  the  collected  samples  were  added  to 
the  assay  well  plate  in  duplicate.  The  prescribed  series  of  reagent  additions, 
washes,  and  incubations  were  performed  as  instructed,  hollowing  the  ad¬ 
dition  of  stop  solution,  absorbance  was  measured  using  a  Tecan  Infinite 
F50  microplate  reader  set  to  450  nm. 

Statistical  analysis.  All  data  are  presented  as  means  ±  standard  devi¬ 
ations.  Lor  comparing  two  groups  of  data,  a  Student  t  test  was  performed. 
For  comparing  multiple  groups  of  data,  one-way  analysis  of  variance 
(ANOVA)  was  performed  followed  by  Tukey’s  test.  The  differences  in 
data  for  groups  and  experimental  time  points  were  considered  statistically 
significant  when  P  <  0.05. 

RESULTS 

Mouse  cell  metabolic  activity  in  monoculture.  MTS  assays  were 
performed  to  measure  cell  metabolic  activity  at  various  concen¬ 
trations  of  antibiotic  VAN  (between  0  and  16  pug/ml)  and  BMP-2 
(either  0  or  100  ng/ml)  over  a  3 -day  period.  The  results  were  used 
to  determine  effectiveness  at  the  bacterial  concentration  tested  in 
coculture  (Fig.  1).  W-20-17  cells  showed  significantly  higher  met¬ 
abolic  activity  at  day  3  than  at  day  1  (P  <  0.05),  indicating  that  the 
cells  were  able  to  grow  and  proliferate  in  the  presence  of  VAN.  Our 
results  indicate  that  VAN  had  little  to  no  measurable  effect  on 
overall  cell  metabolic  activity  regardless  of  concentration,  BMP -2 
presence,  or  culture  duration.  Worth  noting  is  that  all  groups 
treated  with  BMP -2  (Fig.  lb)  showed  lower  metabolic  activity 
relative  to  their  BMP-2 -free  counterparts  (Fig.  la).  This  suggests 
that  BMP-2  may  reduce  the  overall  metabolic  activity  ofW-20-17 
cell  cultures  (possibly  by  reducing  cell  proliferation  in  favor  of  cell 
differentiation).  Live/Dead  fluorescence  staining  also  showed  that 
in  all  treatment  groups,  W-20-17  cells  were  viable  and  maintained 
their  normative  spindle-like  shapes  (Fig.  2).  Furthermore,  visual 
assessment  indicates  an  increase  in  cell  proliferation  over  the  3 
days  of  culture  across  all  treatments  of  VAN  and  BMP-2. 
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Effect  of  VAN  and  BMP-2  on  5.  aureus  and  Stromal  Cells 


(a)  Vancomycin  concentration  (ng/mL) 

0  1  2  4  8  16 


(b)  Vancomycin  concentration  (ng/mL) 

0  1  2  4  8  16 


FIG  2  Live/Dead  fluorescence  staining  ofW-20-17  treated  with  0  to  16  |jig/ml 
VAN  and  either  (a)  0  ng/ml  BMP-2  or  (b)  100  ng/ml  BMP-2  in  monoculture  in 
DMEM.  Photos  were  taken  at  X 100  magnification  after  up  to  3  days  of  culture 
(Dl,  day  1;  D2,  day  2;  D3,  day  3).  Green  indicates  live  bone  cells,  and  red 
indicates  dead  cells. 


Mouse  cell  osteoblastic  differentiation  in  monoculture.  ALP 

assays  were  performed  to  measure  osteogenic  activity  ofW-20-17 
cells  at  various  concentrations  of  antibiotic  VAN  (between  0  and 
16  pig/ml)  and  BMP-2  (either  0  or  100  ng/ml)  over  a  7-day  period. 
Our  results  indicate  that  VAN  had  no  clear  effect  on  ALP -specific 
activity  (ALP  normalized  to  dsDNA  per  unit)  regardless  of  con¬ 
centration,  BMP-2  presence,  or  day  (Fig.  3).  The  results  suggest 
that  BMP-2  was  able  to  maintain  its  ability  to  increase  overall  ALP 
activity  at  all  concentrations  of  VAN.  dsDNA  levels  were  mea¬ 
sured  in  order  to  normalize  ALP  activity.  Results  indicate  little 
overall  difference  in  dsDNA  levels  at  day  7,  but  there  was  a  con¬ 
sistent  trend  of  reduced  dsDNA  levels  at  day  5  in  the  BMP-2 - 
treated  groups  relative  to  their  BMP-2-free  counterparts.  Regard¬ 
less,  a  statistically  significant  difference  existed  between  the  0 
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FIG  3  Measure  of  early  osteoblastic  differentiation  of  W-20- 1 7  treated  with  0  to 
in  monoculture  using  an  ALP  assay.  The  ALP  activity  was  determined  at  5  and  7 
as  nanomoles  per  nanogram.  Each  value  represents  the  mean  ±  SD  {n  =  3).  *, 


ng/ml  and  100  ng/ml  BMP-2  groups  in  terms  of  ALP-specific  ac¬ 
tivity. 

Bacterial  metabolic  activity  in  monoculture.  MTS  assays  were 
performed  to  measure  cell  metabolic  activity  at  various  concen¬ 
trations  of  VAN  antibiotic  (between  0  and  16  pug/ml)  and  BMP-2 
(either  0  or  100  ng/ml)  over  a  24-h  period  (Fig.  4).  Our  results 
indicate  that  at  every  measurement  time,  all  treatment  groups 
with  VAN  at  >1  fig/ml  showed  highly  suppressed  S.  aureus 
growth  (for  all  intents  and  purposes,  S.  aureus  metabolic  activity 
was  practically  zero  in  these  groups).  The  treatment  group  with  no 
VAN  showed  dramatic  increases  in  metabolic  activity  by  6  h  and 
immeasurably  high  levels  by  24  h.  Overall,  our  data  suggest  that 
even  at  concentrations  of  1  pig/ml,  VAN  was  effective  at  hindering 
the  growth  of  our  strain  of  S.  aureus  when  seeded  at  105  CFU/ml. 
However,  because  this  result  proved  incapable  of  distinguishing 
the  levels  of  efficacy  of  our  treatments,  the  assays  used  for  Live/ 
Dead  fluorescence  staining  of  S.  aureus  as  well  as  all  coculture 
assays  were  seeded  with  bacteria  at  107  CFU/ml.  At  this  higher 
concentration,  L/D  staining  also  confirmed  that  S.  aureus  lost 
their  viability  after  treatment  with  VAN  at  a  concentration  of  at 
least  2  pig/ml  regardless  of  the  presence  or  absence  of  BMP-2  (Fig. 
5).  Visually,  there  was  a  decrease  in  bacterial  cell  proliferation 
within  the  3  days  of  culture  across  all  treatments  performed 
with  VAN. 

Bacterial  ALP  production  in  monoculture.  Bacterial  ALP 
production  was  measured  to  assess  whether  or  not  the  amount  of 
ALP  produced  by  the  tested  S.  aureus  strain  was  significant  com¬ 
pared  to  W-20- 17  cell  results.  Therefore,  a  high  concentration  of 
S.  aureus  cells  (109  CFU)  was  cultured  in  1  ml  of  DMEM-p  in  a 
shaking  incubator  for  3  h.  ALP  activity  was  measured  as  described 
previously.  Results  indicated  that  S.  aureus  strain  ATCC  6538  pro¬ 
duced  about  0.045  nmol  of  ALP  per  ng  of  dsDNA.  This  is  more 
than  10-fold  less  than  the  ALP-specific  activity  ofW-20-17  cul¬ 
tured  under  similar  conditions  and  is  over  100-fold  less  than  the 
ALP-specific  activity  ofW-20-17  cultured  with  BMP-2.  Despite 
this  difference,  the  possibility  cannot  be  ruled  out  that  ALP  pro¬ 
duction  of  S.  aureus  affects  measurements  taken  from  coculture. 
To  suppress  the  possibly  confounding  variable  of  gross  bacterial 
ALP  production,  ALP-specific  activity  (gross  ALP  data  normal  - 
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16  fig/ml  VAN  in  combination  with  (a)  0  ng/ml  BMP-2  or  (b)  100  ng/ml  BMP-2 
days  of  culture  and  normalized  for  the  dsDNA  content.  ALP  activity  is  expressed 
statistically  significant  difference  compared  with  5  days  of  culture  (P  <  0.05). 
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FIG4  Measure  of  metabolic  activity  of  S.  aureus  treated  with  0  to  16  fig/ml  VAN  in  combination  with  (a)  0  ng/ml  BMP-2  or  (b)  100  ng/ml  BMP-2  over  24  h  using 
an  MTS  colorimetric  assay.  The  initial  concentration  of  S.  aureus  was  105  CFU/ml.  Higher  OD490  values  indicate  greater  metabolic  activity.  The  absorbance  is 
expressed  as  a  measure  of  the  cell  viability  via  cell  culture  media  for  24  h  of  incubation.  Each  value  represents  the  mean  ±  SD  {n  =  3).  *,  statistically  significant 
difference  compared  with  2  h  of  culture  (P  <  0.05). 


ized  to  dsDNA  levels)  was  used  for  coculture  assessment  rather 
than  raw  ALP  measurements. 

Metabolic  activity  of  mouse  cells  in  coculture.  MTS  assays 
were  performed  to  measure  cell  metabolic  activity  at  various  con¬ 
centrations  of  VAN  antibiotic  (between  0  and  16  pig/ml)  and 
BMP-2  (either  0  or  100  ng/ml)  over  a  7-day  period  (Fig.  6).  L/D 
staining  imaging  was  also  performed  to  investigate  viabilities  of 
cells  (Fig.  7).  The  results  indicated  that  treatments  with  VAN  at 
greater  than  4  pig/ml  were  effective  at  stopping  bacterial  growth  in 
a  coculture  over  a  7-day  period.  However,  it  was  also  found  that 
treatment  with  VAN  at  between  1  and  2  [xg/ml  represented  the 
minimum  concentration  range  required  to  effectively  combat 
bacterial  growth  after  4  h  in  monoculture  when  bacteria  were 
seeded  at  107  CFU/ml  (Fig.  5).  Note  that  the  MTS  assay  cannot 
distinguish  between  the  metabolic  activities  of  residual  bacteria 
and  those  of  growing  W-20-17  cells  when  grown  in  coculture. 
Given  the  qualitative  staining  results,  it  is  clear  that  the  large  in¬ 
creases  in  OD490  values  in  groups  treated  with  VAN  at  less  than  8 
pig/ml  can  primarily  be  attributed  to  S.  aureus  growth.  Groups 
treated  with  VAN  at  >8  fig/ml  showed  metabolic  activity  that  was 
likely  attributable  to  the  W-20-17  cells.  Note  that  treatment  with 
VAN  at  16  fxg/ml  was  sufficient  for  both  concentrations  of  BMP -2 
tested.  However,  a  significant  decrease  in  metabolic  activity  by  day 
7  was  evident  in  groups  treated  with  VAN  at  only  8  [xg/ml  whereas 
there  was  an  increase  in  activity  in  the  comparable  treatment 
group  with  BMP-2  at  100  ng/ml.  This  suggests  that  treatment  with 
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FIG  5  Live/Dead  fluorescence  staining  of  S.  aureus  treated  with  0  to  16  |xg/ml 
VAN  in  monoculture  and  0  or  100  ng/ml  BMP-2  in  TSB  medium.  Photos  were 
taken  at  X 100  magnification  after  4  h  of  culture.  Green  indicates  live  bacterial 
cells,  whereas  red  indicates  dead  cells.  A  visual  decrease  in  cell  viability  over  the 
3  days  of  culture  across  all  treatments  of  VAN  is  evident. 


8  pig/ml  VAN  may  not  be  sufficient  to  retain  W-20-17  growth 
unless  coupled  with  BMP-2  at  100  ng/ml.  As  shown  in  Fig.  7,  the 
minimum  VAN  concentration  that  allowed  W-20-17  growth  in¬ 
creased  at  each  time  point  regardless  of  BMP-2  treatment  (red 
arrows).  Staining  results  showed  that  with  BMP-2  at  both  0  and 
100  ng/ml,  2  pig/ ml  VAN  was  effective  for  1  day,  4  pig/ ml  for  3 
days,  and  8  pig/ml  for  7  days.  Qualitatively,  treatments  with  higher 
concentrations  of  VAN  showed  greater  W-20-17  proliferation 
and  reduced  bacterial  growth.  When  W-20-17  growth  was  evi¬ 
dent,  treatments  with  BMP -2  showed  greater  growth  than  those 
without. 

Osteoblastic  differentiation  of  mouse  cells  in  coculture. 

ALP-specific  activity  was  measured  in  order  to  assess  the  osteo¬ 
blastic  differentiation  of  W-20-17  cells  in  response  to  different 
vancomycin  doses  in  a  coculture  environment  over  a  7-day  period 
(Fig.  8).  Treatments  with  VAN  at  4  pig/ml  or  a  lower  concentra¬ 
tion  were  ineffective  at  inhibiting  bacterial  growth  (as  indicated  by 
low  or  decreasing  measurements  of  ALP-specific  activity)  regard¬ 
less  of  the  BMP -2  concentration.  By  day  7,  ALP-specific  activities 
showed  a  marked  increase  over  day  3  activities  in  groups  treated 
with  VAN  at  8  pig/ml  in  combination  with  BMP-2  at  100  ng/ml 
but  not  in  groups  without  BMP-2.  This  suggests  that  the  combi¬ 
nation  of  BMP-2  and  VAN  allows  enhanced  osteoblastic  differen¬ 
tiation  when  cells  are  challenged  with  the  parasitic  S.  aureus  bac¬ 
teria  in  coculture.  ALP-specific  activities  in  the  coculture  with 
VAN  at  8  pig/ml  and  16  pig/ml  were  similar  to  those  seen  with  the 
monoculture.  As  expected,  BMP-2-treated  cultures  that  survived 
the  7- day  period  exhibited  significantly  greater  ALP  production 
than  those  without  BMP-2,  suggesting  that  BMP -2  maintains  its 
effectiveness  in  coculture. 

dsDNA  amounts  were  primarily  measured  to  assess  ALP-spe¬ 
cific  activity.  As  a  whole,  though,  dsDNA  levels  act  as  a  general 
measure  of  cell  proliferation.  A  progressive  increase  in  dsDNA 
levels  over  the  7- day  culture  was  evident,  despite  staining  evidence 
suggesting  the  presence  of  very  few  W-20-17  cells  in  the  cultures 
with  low  VAN  concentrations.  This  was  likely  the  result  of  bacte¬ 
rial  dsDNA  influencing  measurements.  To  correct  for  this,  we 
have  reported  only  ALP-specific  activity.  Because  we  know  that 
bacterial  cells  produce  much  lower  concentrations  of  ALP  than 
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FIG  6  Measure  of  metabolic  activity  of  W-20- 1 7  in  coculture  treated  with  0  to  16  fig/ ml  VAN  in  combination  with  (a)  0  ng/ml  BMP-2  or  (b)  100  ng/ml  BMP-2 
over  7  days  using  an  MTS  colorimetric  assay.  Higher  OD490  values  indicate  greater  metabolic  activity.  The  initial  cell  density  was  15,000  cells  per  well.  The 
absorbance  is  expressed  as  a  measure  of  the  cell  viability  via  cell  culture  media  for  7  days  of  incubation.  Each  value  represents  the  mean  ±  SD  ( n  =  3 ) .  *,  statistically 
significant  difference  between  different  time  points  (P  <  0.05). 


W-20- 17  cells  per  capita,  we  expect  that  cocultures  with  high  bac¬ 
terial  concentrations  would  show  low  ALP -specific  activities 
whereas  those  with  high  numbers  of  W-20- 17  would  show  values 
closer  to  that  of  the  W-20- 17  monoculture. 

IL-6  production  of  cells  in  coculture.  Interleukin-6  (IL-6)  is  a 
protein  found  to  be  secreted  by  human  and  mouse  osteoblasts  at 
elevated  levels  in  response  to  infection  by  bacteria  (specifically  S. 
aureus)  (6).  Our  results  indicate  that  IL-6  production  was  signif¬ 
icantly  increased  only  upon  exposure  to  bacteria  in  groups  with 
VAN  treatment  at  16  pig/ml  (Fig.  9).  VAN  treatments  at  <  1  fig/ml 
resulted  in  a  reduction  in  the  amount  of  IL-6  produced.  This  is 
likely  attributable  to  a  decrease  in  the  raw  numbers  of  W-20- 17 
cells  in  culture.  Treatments  with  VAN  at  2  to  8  |xg/ml  showed  no 
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FIG  7  Live/Dead  fluorescence  staining  of  S.  aureus  and  W-20- 17  coculture 
treated  with  0  to  16  fig/ml  VAN  in  combination  with  (a)  0  ng/ml  BMP-2  or  (b) 
100  ng/ml  BMP-2  in  DMEM-p  medium.  Photos  were  taken  at  X 100  magnifi¬ 
cation  after  1,  3,  and  7  days  of  culture.  Green  indicates  live  cells,  whereas  red 
indicates  dead  cells.  Smaller,  spherical  shapes  are  indicative  of  bacteria,  while 
larger,  more  irregular  shapes  are  W-12-17  cells.  Red  arrows  indicate  effective 
dosage  of  VAN. 


significant  change  in  IL-6  production.  Groups  treated  with  VAN 
at  16  pig/ml  showed  an  increase  in  the  amount  of  IL-6  produced. 
This  suggests  a  greater  number  of  cells  combating  infection  by  S. 
aureus. 

DISCUSSION 

The  goals  of  this  study  were  to  establish  an  in  vitro  coculture  model 
system  to  better  represent  the  in  vivo  scenario  of  dual  drug  delivery 
and  to  gain  a  better  understanding  of  the  interactions  between  two 
specific  compounds  of  choice:  vancomycin  antibiotic  and  bone 
morphogenetic  protein  2.  Briefly,  we  treated  mouse  bone  marrow 
stromal  cells  (W-20- 17)  and  S.  aureus  cells  (ATCC  6538)  with 
various  concentrations  of  VAN  (0  to  16  |JLg/ml)  and  BMP-2  (0  or 
100  ng/ml)  in  both  mono-  and  cocultures.  In  order  to  assess  cell 
proliferation,  differentiation,  morphology,  and  inflammation  re¬ 
sponse,  an  array  of  assays  were  performed  for  each  treatment 
group  across  cultures  grown  for  periods  ranging  from  1  h  to  7 
days.  We  selected  the  W-20- 17  cell  line  because  it  has  been  used 
for  an  ASTM  (F2131)  standard  test  for  in  vitro  biological  activity 
of  BMP-2.  S.  aureus  was  chosen  for  both  its  clinical  origin  and  its 
high  prevalence  in  bone  graft  failures  (2,  4,  19,  29).  If  desired, 
modification  of  the  system  we  establish  here  could  accommodate 
testing  of  other  antibiotic  or  growth  factor  compounds  across  a 
wide  array  of  mammalian/bacterial  cell  cocultures.  Similarly,  the 
utilization  of  other  antimicrobials  such  as  silver  ions  should  also 
be  considered  in  order  to  complement  the  activities  of  substances 
such  as  VAN  and  BMP-2  (42,  49). 

With  regard  to  the  efficacy  of  VAN  antibiotic,  we  found  that  in 
coculture,  VAN  behaved  differently  than  expected  based  on  our 
monoculture  findings.  Staining  results  showed  that  in  cocultures 
with  BMP -2  at  both  0  and  100  ng/ml,  2  [ig/ml  VAN  was  effective 
for  1  day,  4  pig/ml  for  3  days,  and  8  pig/ml  for  7  days.  This  suggests 
that  while  bacteria  were  kept  in  check  by  some  concentrations  of 
VAN  early  on,  concentrations  below  8  fig/ml  were  not  effective  at 
reducing  bacterial  growth  for  extended  periods  of  time.  Com¬ 
pared  to  S.  aureus  monoculture  L/D  staining,  coculture  MTS  re¬ 
sults  showed  that  in  coculture,  a  higher  dosage  of  VAN  (8  fig/ml 
versus  2  pig/ml)  was  necessary  to  effectively  inhibit  bacterial 
growth  for  the  same  treatment  group  in  monoculture  (Fig.  5  and 
6).  By  day  7,  it  would  be  expected  that  the  S.  aureus  monocultures 
treated  with  at  least  2  |jig/ml  VAN  would  continue  to  show  little  to 
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FIG  8  Measure  of  early  osteoblastic  differentiation  of  W-20-17/S.  aureus  coculture  treated  with  0  to  16  fig/ml  VAN  in  combination  with  (a)  0  ng/ml  BMP-2  or 
(b)  100  ng/ml  BMP-2  using  an  ALP  assay.  Measurements  were  taken  after  1,  3,  and  7  days  in  culture  and  normalized  for  the  dsDNA  content.  ALP  activity  is 
expressed  as  nanomoles  per  nanogram.  Each  value  represents  the  mean  ±  SD  (n  =  3).  *,  statistically  significant  difference  between  different  time  points  ( P  < 
0.05).  VAN  treatments  had  a  significant  effect  on  ALP-specific  activity.  Higher  concentrations  of  VAN  were  correlated  with  higher  ALP-specific  activities, 
suggesting  that  most  of  the  activity  was  being  generated  by  mBMSCs  in  culture,  as  opposed  to  S.  aureus ,  which  showed  significantly  lower  ALP-specific  activity 
(see  Fig.  7).  Treatment  with  100  ng/ml  BMP-2  yielded  significantly  higher  ALP-specific  activity  than  treatment  without  BMP-2.  These  results  suggest  that  in 
coculture,  both  VAN  and  BMP-2  are  able  to  maintain  their  respective  functions. 


no  bacterial  growth,  but  the  accuracy  of  this  approximation  re¬ 
quires  further  testing.  Still,  this  suggests  that  monocultures  may 
not  be  a  representative  model  for  antibiotic  dose  dependence  in 
our  coculture  model.  Furthermore,  this  suggests  that  the  cocul¬ 
ture  environment  may  limit  the  efficacy  of  VAN.  It  has  been  pro¬ 
posed  that  internalization  of  the  S.  aureus  by  the  osteoblasts  allows 
the  bacteria  to  evade  any  vancomycin  in  solution,  thus  reducing 
the  efficacy  of  the  drug  (13).  FFowever,  further  investigation  is 
required  to  elucidate  this  mechanism,  either  through  mechanistic 
study  or  through  testing  of  alternative  cell  lines  and  compounds. 

In  both  mono-  and  cocultures,  we  found  that  for  all  concen¬ 
trations  tested  (0  to  16  |jig/ml),  VAN  had  no  evident  effect  on  the 
growth  of  mouse  bone  cells.  Even  at  VAN  concentrations  of  up  to 
200  pig/ml  (data  not  shown),  we  found  that  the  antibiotic  had  no 
detrimental  effect  on  W-20-17  proliferation,  differentiation,  or 
morphology.  This  result  holds  true  for  both  for  the  cultures  that 
received  only  VAN  and  the  cultures  that  also  received  BMP-2. 
Clearly,  VAN  is  a  good  candidate  as  the  antibiotic  of  choice  in  our 
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FIG  9  Measurement  of  W-20-17  inflammation  response  in  coculture  with  S. 
aureus  and  treated  with  0  to  16  |xg/ml  VAN  and  100  ng/ml  BMP-2  using  an 
IL-6  ELISA  kit.  *,  statistically  significant  difference  between  monoculture  and 
coculture  (P  <  0.05). 


proposed  dual-delivery  system  in  that  it  is  effective  against  S.  au¬ 
reus ,  the  primary  offender  in  bone  graft  failure,  and  has  no  evident 
toxicity  to  host  osteoblasts  at  effective  concentrations.  Further¬ 
more,  our  results  are  consistent  with  the  available  literature  (35). 

The  second  prong  of  our  proposed  dual-delivery  system, 
BMP-2,  showed  that  it  is  capable  of  creating  a  significant  increase 
in  ALP  production  (an  early  marker  of  osteoblastic  differentia¬ 
tion)  in  both  mono-  and  cocultures.  In  our  qualitative  L/D  stain¬ 
ing  assessment,  cultures  treated  with  BMP-2  at  100  ng/ml  showed 
better  growth  than  those  without  BMP -2  treatment.  This  qualita¬ 
tive  result  is  backed  by  the  quantitative  MTS  and  ALP  assay  re¬ 
sults.  ALP-specific  activity  was  used  to  differentiate  between  bac¬ 
terial  proliferation  (low  ALP-specific  activity)  and  mBMSC 
proliferation  (high  ALP-specific  activity).  On  average,  treatment 
with  BMP -2  resulted  in  a  statistically  significant  increase  in  ALP- 
specific  activity  (from  less  than  0.5  nmol/ml  to  as  much  as  2.5 
nmol/ml).  This  pattern  is  also  evident  in  coculture,  suggesting  that 
BMP-2  maintains  its  functionality  in  both  mono-  and  cocultures. 
BMP-2  showed  little  to  no  effect  both  qualitatively  and  quantita¬ 
tively  on  the  monocultures  of  ATCC  6538  S.  aureus  within  the 
24-h  time  frame  tested.  This  remained  true  for  all  concentrations 
of  VAN  tested,  further  positing  that  BMP-2  can  maintain  its  pos¬ 
itive  effect  on  mouse  bone  cells  while  generating  little  to  no  posi¬ 
tive  effect  on  bacterial  cells. 

While  BMP -2  and  VAN  behaved  as  expected  when  delivered  in 
coculture,  their  combined  effects  on  both  the  W-20-17  and  S. 
aureus  have,  to  our  knowledge,  never  been  established  before  de¬ 
spite  their  dual  delivery  previously  having  been  explored  (18,  27, 
45).  It  is  important  to  emphasize  that  across  all  concentrations  of 
VAN  tested,  BMP -2  had  no  measurable  detrimental  effect  on  the 
drug’s  action  against  the  Gram-positive  bacteria.  In  fact,  we  found 
that  some  assays  indicated  that  in  treatments  with  BMP-2,  a  lower 
concentration  of  vancomycin  was  able  to  achieve  almost  complete 
suppression  of  bacterial  growth  compared  to  treatments  without 
BMP -2  (VAN  at  8  |Jig/ml  in  cocultures  with  BMP -2  versus  16 
|jig/ml  in  cocultures  without  BMP-2).  The  true  mechanism  be¬ 
hind  this  result  cannot  be  determined  due  to  the  limitations  of 
our  assays,  but  we  believe  that  it  may  have  been  a  result  of 
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BMP-2  conferring  a  competitive  advantage  upon  the  mBMSCs 
over  the  bacteria.  It  is  suggested  that  BMP-2  allows  improved 
cell  growth  and  differentiation  by  day  7,  thus  allowing  bone  cell 
growth  to  outpace  the  capacity  of  the  bacteria  to  infect  and 
proliferate.  Because  this  effect  has  not  been  observed  before, 
further  investigation  into  this  interaction  is  necessary.  If  found 
to  be  true,  this  type  of  interaction  would  be  suspected  to  be 
observed  in  treatments  with  other  combinations  of  antibiotics 
and  growth  factors  capable  of  maintaining  function  when  de¬ 
livered  together.  Such  a  finding  could  very  well  bring  the  study 
of  prohost/antimicrobial  compound  dual  delivery  to  the  fore¬ 
front  of  anti-infection  research. 

Here  we  begin  an  attempt  to  bridge  the  two  major  avenues  of 
study  in  bone  tissue  repair:  accelerated  growth  and  improved 
treatment  success  rates.  While  each  of  these  concepts  has  already 
been  implemented  in  standard  clinical  care  in  the  form  of  antibi¬ 
otic  and  bone  growth  factor  delivery,  there  still  remains  a  need  for 
refinement  in  their  execution.  This  is  the  first  of  many  studies 
aimed  at  creating  a  streamlined  dual- delivery  system  that  is  capa¬ 
ble  of  delivering  both  antibiotic  drugs  and  bone  growth  factors  to 
achieve  those  aforementioned  goals.  We  have  established  an 
mBMSC/S.  aureus  coculture  model  system  that  is  aimed  at  mim¬ 
icking  the  in  vivo  conditions  of  bone  graft  infection  and  giving 
consistent,  predictable  results.  From  this  model  system,  we  have 
begun  to  characterize  the  interactions  of  two  drugs  of  interest: 
VAN  antibiotic  and  BMP -2  growth  factor.  Our  findings  indicate 
that,  individually,  they  maintain  their  expected  functionality  as  an 
antibiotic  and  growth  factor,  respectively,  but  that,  in  combina¬ 
tion,  their  combined  effects  may  result  in  a  lower  demand  for  the 
use  of  toxic,  expensive  VAN.  As  a  whole,  these  results  pave  the  way 
for  future  study  in  the  dual  delivery  of  antibiotics  and  growth 
factors.  We  plan  to  begin  testing  both  delivery  timing  and  more 
material- focused  studies  regarding  the  actual  mechanistic  ap¬ 
proach  to  delivering  said  components  using  the  coculture  model 
system  established  here. 
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The  long-term  performance  of  tissue-engineered  bone  grafts  is  determined  by  a  dynamic  balance 
between  bone  regeneration  and  resorption.  We  proposed  using  embedded  cytokine  slow-releasing 
hydrogels  to  tune  this  balance  toward  a  desirable  final  bone  density.  In  this  study  we  established 
a  systems  biology  model,  and  quantitatively  explored  the  combinatorial  effects  of  delivered  cytokines 
from  hydrogels  on  final  bone  density.  We  hypothesized  that:  1 )  bone  regeneration  was  driven  by  tran¬ 
scription  factors  Runx2  and  Osterix,  which  responded  to  released  cytokines,  such  as  Wnt,  BMP2,  and 
TGFp,  drove  the  development  of  osteoblast  lineage,  and  contributed  to  bone  mass  generation;  and  2)  the 
osteoclast  lineage,  on  the  other  hand,  governed  the  bone  resorption,  and  communications  between  these 
two  lineages  determined  the  dynamics  of  bone  remodeling.  In  our  model,  Intracellular  signaling  path¬ 
ways  were  represented  by  ordinary  differential  equations,  while  the  intercellular  communications  and 
cellular  population  dynamics  were  modeled  by  stochastic  differential  equations.  Effects  of  synergistic 
cytokine  combinations  were  evaluated  by  Loewe  index  and  Bliss  index.  Simulation  results  revealed  that 
the  Wnt/BMP2  combinations  released  from  hydrogels  showed  best  control  of  bone  regeneration  and 
synergistic  effects,  and  suggested  optimal  dose  ratios  of  given  cytokine  combinations  released  from 
hydrogels  to  most  efficiently  control  the  long-term  bone  remodeling.  We  revealed  the  characteristics  of 
cytokine  combinations  of  Wnt/BMP2  which  could  be  used  to  guide  the  design  of  in  vivo  bone  scaffolds 
and  the  clinical  treatment  of  some  diseases  such  as  osteoporosis. 

©  2012  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Bone  remodeling  in  tissue  engineering  is  a  long-term  physio¬ 
logical  process  that  dynamically  balances  osteogenesis  and  bone 
resorption  and  re-distributes  bone  mass  to  match  the  external 
mechanical  changes  [1—3].  This  complex  biological  event  involves 


Abbreviations:  BMP2,  bone  morphogenetic  protein  2;  TGF(3,  transforming 
growth  factor  (3;  Osx,  Osterix;  Runx2,  Runt-related  transcription  factor  2;  BMU, 
basic  multi-cellular  unit;  MSC,  mesenchymal  stem  cell;  OBpy,  pre-osteoblasts;  OBa, 
active  osteoblasts;  HSC,  hematopoietic  stem  cells;  OCp,  pre-osteoclasts;  OCa,  active 
osteoclasts;  ODEs,  ordinary  differential  equations;  SDEs,  stochastic  differential 
equations;  OPG,  osteoprotegerin. 
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intracellular  signaling,  stem  cell  driven  lineage  developing,  and 
intercellular  communications  among  various  cellular  phenotypes. 
A  variety  of  systematic  and  local  factors  play  important  roles  in  such 
multi-scale  signaling  [4].  Bone  remodeling  is  especially  critical  to 
the  success  of  tissue-engineered  bone  grafts.  Failure  to  accumulate 
bone  mass  according  to  the  physiological  needs  of  mechanical 
strength  will  cause  post-implantation  bone  fractures  and  poor 
outcomes.  Personalized  tuning  of  bone  remodeling  process  is 
another  challenge.  For  example,  osteoporosis  patients  are  often 
victims  of  bone  fractures,  and  in  their  bone  scaffolds  the  osteo¬ 
genesis  should  be  enhanced  to  overcome  the  patient  hormone  and 
cytokine  environments  that  promote  bone  resorption.  A  flexible 
and  tunable  infrastructure  which  allows  fine  tuning  of  the  bone 
remodeling  process  is  required  to  meet  the  clinical  needs. 

This  challenge  can  be  potentially  addressed  by  cytokine 
combination  therapy  which  encapsulates  multiple  cytokines  (or 
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growth  factors)  into  polymer  nanospheres,  expected  to  produce 
a  better  effect  than  the  single  factor.  Recently  our  group  [5-8]  and 
others  [9-11  ]  have  shown  the  capabilities  of  accurately  and  inde¬ 
pendently  controlling  drug  release  rates  of  individual  growth 
factors  and  cytokines  from  the  delayed  slow-release  hydrogels 
embedded  in  artificial  bone  scaffolds.  Hydrogels  are  highly  absor¬ 
bent  natural  (e.g.  hyaluronic  acid)  or  synthetic  polymers  (e.g. 
polyvinyl  alcohol,  sodium  polyacrylate,  and  acrylatepolymers)  that 
may  possess  a  degree  of  flexibility  very  similar  to  normal  tissue 
because  of  their  considerable  water.  When  used  as  scaffolds  for 
bone  tissue  regeneration,  hydrogels  often  contain  human  primary 
cells  (e.g.  osteocytes  and  endothelial  cells)  and  growth  factors  or 
cytokines  to  repair  bone  tissue.  Cytokines  (e.g.  BMP2,  TGF(3  and 
Wnt  ligands)  play  an  important  role  in  osteogenic  differentiation  of 
MSC  and  bone  remolding.  Ideally  key  cytokines  can  be  program¬ 
matically  released  into  the  micro-environments  of  the  bone  graft 
and  guide  desired  bone  remodeling  [12,13].  This  study  addresses 
the  effects  of  optimally-combined  cytokines  after  released  from 
hydrogels  on  bone  regeneration. 

Osteoblast  and  osteoclast  lineages  are  responsible  for  two 
competing  but  coordinated  processes,  bone  formation  and 
resorption,  respectively,  and  thus  profile  the  dynamic  of  bone 
remodeling.  These  two  processes  occur  in  a  structure  called  basic 
multi-cellular  units  (BMU)  [14]  at  multiple  sites  in  the  skeleton  as 
well  as  artificial  scaffolds  [1].  Bone  marrow  mesenchymal  stem 
cells  (MSC)  differentiate  to  pre-osteoblast,  then  osteogenic  line¬ 
ages,  which  are  responsible  for  bone  formation;  while  hemato¬ 
poietic  stem  cells  (HSC)  differentiate  to  the  pre-osteoclasts,  and 
then  osteoclasts,  which  govern  bone  resorption. 

A  number  of  mathematical  models  have  been  developed  to 
describe  the  bone  remodeling  in  recent  years.  Komarova  et  al.  [15] 
constructed  a  mathematical  model  to  calculate  cell  population 
dynamics  and  changes  in  bone  mass  at  a  discrete  site  of  bone 
remodeling,  considering  the  autocrine  and  paracrine  interactions 
among  osteoblasts  and  osteoclasts.  Lemaire  et  al.  [16]  proposed 


another  cell  population  model  to  explain  the  interactions  between 
osteoblasts  and  osteoclasts  by  establishing  the  intercellular 
signaling  pathway  RANK-RANKL-OPG.  Then  Pivonka  et  al.  [17] 
extended  this  pathway  to  study  and  theoretically  explore  the 
functional  implications  of  particular  RANK/OPG  expression  profiles 
on  bone  mass.  Furthermore,  Pivonka  et  al.  [17,18]  used  such  models 
to  investigate  the  possible  therapeutic  intervention  to  restore  bone 
mass  due  to  the  imbalance  of  RANK-RANKL-OPG  regulation  [18]. 

However,  previous  studies  have  often  lacked  an  intracellular 
signaling  and  fell  short  on  representing  the  intracellular  molecular 
mechanism.  Several  molecular  signals  and  mechanisms  involved  in 
the  bone  healing  or  remodeling  have  been  revealed  from  in  vitro 
and/or  in  vivo  experiments.  The  osteoblast  commitment,  differen¬ 
tiation  and  functions  are  controlled  by  several  transcription  factors 
resulting  in  the  expression  of  genes  responsible  for  the  osteoblastic 
lineage  from  MSC  to  pre-osteoblasts  and  then  to  active  osteoblasts 
[19],  as  described  in  Fig.  1.  Runt-related  transcription  factor  2 
(Runx2)  and  Osterix  (Osx)  have  been  generally  demonstrated  to  be 
two  crucial  transcription  factors  in  osteogenic  differentiation  [19]. 
Various  cytokines,  such  as  BMP2,  TGF|3  and  Wnt  ligands,  can 
stimulate  the  expression  of  Runx2  and  Osx  through  a  variety  of 
pathways  [19-22].  After  the  pathway  is  activated,  Runx2  and  Osx 
play  different  particular  roles  in  different  stages  of  osteoblastic 
lineage.  Both  Runx2  and  Osx  can  promote  the  differentiation  of 
MSC  into  pre-osteoblasts  [19,23],  whereas  Runx2  can  inhibit  the 
differentiation  of  pre-osteoblasts  into  active  osteoclasts  [19,24]. 

Moreover,  only  a  few  mathematical  models  have  been  devel¬ 
oped  to  investigate  the  effect  of  cytokine  therapy,  especially  cyto¬ 
kine  combination  therapy,  for  bone  healing.  Particularly,  we  are 
concerned  with  the  following  questions  in  the  bone  healing 
therapy.  First,  are  the  effects  of  cytokine  combination  better  than 
those  of  single  cytokine?  Second,  how  do  we  evaluate  the  syner¬ 
gism  of  the  cytokine  combination  therapies?  Third,  what  are  the 
most  efficient  dose  and  ratio  of  specific  cytokine  combination  to 
achieve  expected  bone  remodeling  goals?  To  answer  these 
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Fig.  1.  Schematic  illustration  of  intracellular  and  intercellular  signaling  and  cellular  dynamics  in  bone  healing  and  bone  remodeling.  Bone  regeneration  or  bone  remodeling  involves 
bone  resorption  by  osteoclasts  (OC)  and  the  following  bone  formation  by  osteoblasts  (OB)  within  basic  multi-cellular  units  (BMU).  Three  cytokines  were  considered:  TGF(3,  Wnt  and 
BMP2.  Intracellular  signaling  pathway  consists  of  Smad2/3,  Smadl/5,  [3-Catenin,  and  Runx2  and  Osx.  Runx2  can  promote  the  differentiation  of  mesenchymal  stem  cells  (MSCs)  into 
pre-osteoblasts  (OBp)  and  can  inhibit  the  differentiation  of  pre-osteoblasts  into  active  osteoblasts  (OBa).  Osx  also  play  a  promoting  role  in  the  later  stage  of  osteoblastic  lineage 
which  interacts  with  osteoclastic  lineage  through  intercellular  signaling  pathway  RANK-RANKL-OPG. 
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questions,  numerous  candidate  conditions  should  be  examined  for 
this  complex  system  of  multiple  cell  type,  various  cytokine  candi¬ 
dates,  and  multiple  time  scales.  Traditional  biological  experiments 
are  expensive  and  time-consuming.  Therefore,  a  systems  biological 
model  is  required  to  best  utilize  our  current  knowledge  of  the  bone 
remodeling  process  to  explore  in  silico  candidate  conditions,  screen 
out  critical  factors  and  key  cytokines  of  the  system,  and  guide  the 
biological  experiments. 

This  work  was  designed  to  build  up  a  computational  systematic 
model  to  study  the  combination  effects  of  cytokines  released  from 
hydrogels  including  Wnt,  BMP2,  and  TGFp  for  controlling  the 
balance  of  bone  formation  and  resorption  of  implanted  bone  scaf¬ 
folds  based  on  the  intracellular  signaling  pathway.  We  firstly 
developed  a  systematic  model  composed  of  a  system  of  ordinary 
differential  equations  (ODEs)  to  describe  the  intracellular  signaling 
pathway  to  regulate  osteogenic  differentiation.  And  then,  we 
combined  the  intracellular  signaling  pathway  with  intercellular 
signaling  pathway  to  control  osteoclast  differentiation.  Next,  we 
integrated  the  intracellular  and  intercellular  signaling  pathways 
into  the  cellular  population  dynamics  described  by  a  set  of 
stochastic  differential  equations  (SDEs)  to  simulate  bone  healing 
and  remodeling.  The  unknown  coefficients  in  the  intracellular 
signaling  pathway  were  estimated  by  fitting  them  to  the  dynamic 
experimental  data  [21,25,26]  using  optimization  algorithm.  Finally, 
we  investigated  the  response  of  cellular  population  dynamics  to 
therapies  of  single  or  combined  cytokines  as  well  as  quantitatively 
evaluated  the  combination  effect  of  cytokines  by  Loewe  and  Bliss 
indexes. 


Hill  function  [28,29]  was  employed  to  model  the  regulatory  relationship  between 
the  proteins  and/or  transcription  factors. 

Smadl/5  can  be  phosphorylated  by  BMP2  [20].  The  concentration  change  of 
phosphorylated  Smadl/5  ([SI])  depends  on  the  concentration  of  BMP2  ([BMP2]), 
unphosphorylated  Smadl/5  ([TotalSl]  -  [SI]),  and  dephosphorylation  of  itself. 
Equation  (1)  describes  the  phosphorylation  and  dephosphorylation  of  Smadl/5. 


d[Sl] 

dt 


V!  •  [BMP2] 
/q  +  [BMP2] 


•([TotalSl]  -  [SI])  -  -  [SI]. 


(1) 


Smad2/3  can  be  phosphorylated  by  TGF3  [26].  The  change  of  the  concentration 
of  phosphorylated  Smad2/3  ([S2])  depends  on  the  concentration  of  TGF|3  ([TGF|3]), 
unphosphorylated  Smad2/3  ([TotalS2]  -  [S2]),  and  dephosphorylation  of  itself. 
Equation  (2)  describes  the  phosphorylation  and  dephosphorylation  of  Smad2/3. 


T = S3- (iTotais21  - is2i)  - d2  • is2]-  (2) 

3-Catenin  is  one  of  the  key  proteins  in  Wnt  signaling  pathway  [23,27],  the 
change  of  the  concentration  of  3-Catenin  have  been  modeled  by  Equation  (3) 
[30,31]. 


d[3-Catenin]  _  //  [Wnt]  +  b  \ 

dt  ~a  vvc-[Wnt]+dy 


(e  +  [P-Catenin])+/)-[P-Cateninl- 


(3) 


Runx2  has  been  found  to  be  a  crucial  transcription  factor  in  osteogenic  differ¬ 
entiation  [19,23].  Its  expression  and  activation  can  be  promoted  by  BMP2  through 
Smadl/5,  and  also  by  TGF3  through  Smad2/3,  and  by  Wnt  ligands  through  3-Catenin 
and  other  proteins  [27].  Equation  (4)  describes  the  expression  and  degradation  of 
Runx2. 


d[Runx2] 

dt 


V4-[S1]  Vg-[S2]  Vg-  [3-Catenin] 

I<4  +  [SI]  I<5  +  [S2]  +  K6  +  [3  -  Catenin] 


d4-[Runx2]. 


(4) 


Osx  is  also  a  critical  transcription  factor  in  osteoblast  differentiation,  acting  as 
downstream  of  Runx2  and  Smadl/5.  Equation  (5)  describes  the  expression  and 
degradation  of  Osx. 


2.  Methods 

As  shown  in  Fig.  2,  our  model  encompasses  four  relevant  biological  scales: 
intracellular,  intercellular,  cellular  and  bone  tissue  scales.  We  are  going  to  introduce 
the  details  of  the  four  scales  in  the  followings. 

2.1.  Intracellular  signaling  pathway  construction 

Runt-related  transcription  factor  2  (Runx2)  and  Osterix  (Osx)  have  been  found 
as  two  crucial  transcription  factors  in  osteoblast  differentiation  [19].  Wnt  signaling 
directly  regulates  the  expression  of  Runx2  through  3-Catenin  [19,27].  BMP2  and 
TGF3  can  activate  or  phosphorylate  Smadl/5  and  Smad2/3  respectively  [20,21]. 
These  Smads  can  interact  with  co-Smad  (Smad4)  or  other  transcription  factors  to 
stimulate  the  expression  of  Runx2  [19,20].  Runx2,  as  well  as  Smadl/5  activated  by 
BMP2,  can  stimulate  the  expression  of  downstream  Osx  [19,22]. 

We  used  a  system  of  ODEs  to  describe  the  time  dynamics  of  concentration  for 
each  component  in  intracellular  pathway  (Fig.  1)  by  Michealis— Menten  Law  [28]. 


I 


Bone  Volume 
Change 


Fig.  2.  Multi-scale  model  for  bone  regeneration  or  bone  remodeling  system.  Our 
systematic  model  encompasses  four  relevant  biological  scales:  intracellular,  intercel¬ 
lular,  cellular  and  bone  tissue  scales.  See  details  of  the  modeling  in  main  text. 


d[Osx] 

— dF~ 


V7-[S1]  Vg  •  [Runx2] 
K7  +  [SI]  /C8  +  [Runx2] 


-  d5-[Osx]. 


(5) 


2.2.  Intercellular  signaling  pathway 

The  intercellular  signaling  pathway  in  bone  remodeling,  known  as  RANK- 
RANKL-OPG  system,  is  important  in  cell— cell  communication,  which  can  explain 
how  the  osteoblast  lineage  regulates  the  osteoclast  differentiation  and  activation 
[32].  Because  RANK-RANKL-OPG  pathway  has  been  well  investigated  by  previous 
studies  [17,18],  here  we  just  listed  the  detailed  equations  describing  the  intercellular 
pathway  in  the  supplementary  files  (Text  S2). 


2.3.  Integrating  the  intracellular  and  intercellular  signaling  pathways  into  cellular 
population  dynamics 


We  assumed  that  the  binding  and/or  dissociation  reactions  in  intracellular 
signaling  pathway  are  much  faster  than  both  cellular  phenotypic  switches  and 
cellular  population  changes  [17,33],  so  we  derived  the  quasi-steady  state  of  intra¬ 
cellular  signaling  pathway  (as  listed  in  Text  SI)  and  then  we  integrated  it  into 
cellular  population  dynamics.  As  described  in  Fig.  1,  the  differentiation  of  MSC  into 
pre-osteoblasts  is  promoted  by  Runx2  and  Osx  [19,23].  This  regulation  was 
described  by  Equation  (6). 

Avisc  =  ^MSC  •  ^actlVISC  ‘  (”*  +  ^actMSc)  »  (6.1) 


irRunx2  _  ^£>1  ,Runx2  '  [Runx2] 
act, msc  -  /cD1Runx2  +  [Runx2] 


(6.2) 


rjOsX 

nact,MSC 


Vdi,osx-[Osx] 
koi  ,Osx  +  [Osx] 


(6.3) 


where  Dmsc  is  the  differentiation  rate  of  mesenchymal  stem  cells;  /CDi,Runx2  and 
1<di,osx  are  regulation  coefficients  regarding  Runx2  and  Osx;  Vdi,ruiix2  and  Vdi.osx  are 
Hill  regulatory  factors. 

The  differentiation  of  pre-osteoblasts  into  active  osteoblasts  is  inhibited  by 
Runx2  and  promoted  by  Osx  [19,24]  as  Equation  (7). 


A)Bp  =  A 


,  ( irRunx2 

OBp  ^*lrep  oBp 


I  LJv 

+  H. 


rOsX  \ 
act, OBp  J 


(7.1) 


rrRunx2  _  _ 1 _ 

rep, OBp  l  +  [RUnx2]/XD2  Runx2’ 


(7.2) 


irOsx  _  ^4)2, Osx  ■  [Osx] 

act, OBp  —  /<d2  0sx  +  [Osx] 


(7.3) 
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where  Dobp  is  the  differentiation  rate  of  pre-osteoclasts;  I<D2,Rum2  and  I<d2,os\  are 
regulation  coefficients  regarding  Runx2  and  Osx;  Vd2,0sx  are  Hill  regulatory  factors. 

Differentiation  and  activation  of  hematopoietic  stem  cells  into  pre-osteoclasts, 
as  well  as  differentiation  of  pre-osteoclasts  into  active  osteoblasts,  requires  the 
binding  of  RANKL  released  by  osteoblasts  to  RANK  on  the  surface  of  osteoclasts, 
which  is  inhibited  by  OPG  that  can  bind  to  RANKL  The  intercellular  pathway  can  be 
incorporated  into  cellular  population  dynamics  with  Equation  (8)  [17,18]. 


^HSC  =  DHSC-^cStFHsc> 

(8.1) 

n  n  (  hcsfi  ljRANkl  A 

U'OCp  -  uOCp  ■  ^act,OCp  ‘rtact,OCp )  > 

(8.2) 

ijRANKL  _  [RANKL] 

act’00?  I<D3  rani<L  +  [RANKL] 

(8.3) 

where  DHsc  is  the  differentiation  rate  of  hematopoietic  stem  cells;  Docp  is  the 
differentiation  rate  of  pre-osteoclasts;  KD3,rankl  is  the  regulation  coefficient 
regarding  RANKL;  H^Phsc  and  HjJfoBp  are  illustrated  in  Table  S2. 


a 


2.4.  Cellular  population  dynamics 

As  described  in  Fig.  1,  our  model  considered  6  types  of  bone  cells  in  2  lineages. 
The  osteoblastic  lineage  consists  of  MSC,  pre-osteoblasts  and  active  osteoblast.  And 
osteoclastic  lineage  is  comprised  of  HSC,  pre-osteoclasts  and  active  osteoclasts  cell 
types.  Since  MSC  and  HSC  outnumber  other  cell  types  [17],  this  model  sets  the 
numbers  of  these  two  cell  types  as  constant  (hmsc,  Hhsc)- 

We  employed  a  set  of  stochastic  differential  equations  (SDEs)  [34]  to  model  the 
cellular  population  dynamics  during  bone  remodeling  or  bone  healing  as  follows. 


dXoBp  =  ^MSC'UMScdf  +  (^OBp  -  A}Bp  -  doBp)  -XoBpdt  +  X0Bp  •  (j\  d \N\ ,  (9) 

d^OBa  =  ^OBp-^OBpdt  +  (PoBa  -  doBa)-^OBadt +X0Ba-(72dW2,  (10) 

dX0cp  =  ^hsc  •  nHscdt  +  (Pocp  -^ocp  -  docp)  •^ocpdt  +  Xocp-o‘3dW3,  (11) 

dXoca  =  Axp'-Xocpdt  +  (p0Ca  -  d0Ca)  '^OCadt  +Xoca-(74dW4.  (12) 


where  XoBp,  XoBa,  Xocp  andXoca  are  random  variables  representing  the  concentration 
of  pre-osteoblasts,  active  osteoblasts,  pre-osteoclasts  and  active  osteoclasts, 


b 


Time  (Hour) 


Fig.  3.  Fitness  results  between  the  simulated  dynamic  data  and  the  experimental  data.  X  axis  represents  time.  Taxis  represents  the  concentrations  of  (a)  phosphorylated  Smadl/5, 
(b)  phosphorylated  Smad2/3,  and  the  expression  levels  of  (c)  Runx2  and  (d)  Osx,  respectively. 
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respectively.  W*  (i  =  1,2, 3, 4)  is  Wiener  process  or  also  called  standard  Brownian 
motion  to  simulate  local  diffusion  of  cell  population,  i.e.  migration  and/or  immi¬ 
gration  in  a  basic  multi-cellular  unit  as  well  as  the  stochastic  regulation  of  signaling 
pathway.  <7/  (i  =  1,2, 3, 4)  represents  diffusion  coefficient.  DMSC,  D0bp,  Dhsc,  and  D0cp 
stand  for  differentiation  rates  of  MSC,  pre-osteoblasts,  HSC,  and  pre-osteoclasts, 
respectively.  PoBp,  PoBa,  Pocp,  and  Poca  are  proliferation  rates  (or  self  renew  rates) 
of  corresponding  cell  types.  doBp,  doBa,  docp,  and  doca  are  apoptosis  rates  of 
considered  cell  types,  respectively. 

Bone  mass  change  is  determined  by  bone  formation  due  to  osteoblasts  and  bone 
resorption  due  to  osteoclasts.  We  assumed  that  bone  deposition  and  bone  resorp¬ 
tion  rate  is  proportional  to  the  number  of  active  osteoblasts  and  active  osteoclasts 
respectively  [17,18],  so  the  change  rate  of  bone  mass  is  proportional  positively  to  the 
number  of  active  osteoblasts  and  negatively  proportional  to  the  number  of  active 
osteoclasts,  which  can  be  described  by  Equation  (13). 

d M  =  kform  XOBadt  -  /<rep-X0cadt,  (13) 

where  M  represents  the  bone  mass  normalized  to  the  initial  value.  fcform  and  fcrep  are 
bone  formation  and  resorption  rates  respectively.  The  bone  mass  change  is  chosen  as 
an  output  in  our  systematic  model. 

Most  of  above  parameters  of  cellular  population  dynamics  were  well  studied  by 
previous  researches  [17,18],  and  listed  in  Table  S2.  The  unknown  parameters  were 
computed  and  assumed  to  ensure  the  requirement  of  stability  of  the  system  in  the 
normal  steady  state  [18],  please  refer  to  Text  S3. 

The  system  of  nonlinear  ODEs  was  numerically  solved  using  implicit  Euler 
method  [35],  the  stochastic  differential  equations  were  solved  by  Euler— Maruyama 
method  [36].  The  program  was  performed  in  MATLAB  R2007b  (MathWorks). 

3.  Results 

This  study  developed  a  systematic  model  for  bone  regenera¬ 
tion  and  bone  remodeling  based  on  the  intracellular  signaling 
pathway  of  osteogenic  differentiation.  We  firstly  developed  the 
intracellular  signaling  pathway  and  estimated  its  unknown 
coefficients.  Secondly,  we  investigated  the  responses  of  cellular 
population  to  therapies  of  single  cytokine  or  combined  cytokines 
released  from  hydrogels.  Finally,  we  quantitatively  evaluated  the 
combination  effect  of  cytokines  by  applying  Loewe  and  Bliss 
indexes  [26,27]. 

3.1.  Intracellular  pathway  parameter  estimation 

After  having  described  the  intracellular  signaling  pathway  by 
a  mathematical  model,  we  have  to  estimate  the  unknown  coeffi¬ 
cients  of  the  model.  There  are  totally  18  unknown  coefficients  in 


Equations  (1),  (2),  (4)  and  (5).  The  coefficients  of  Equation  (3)  have 
been  validated  by  previous  study  [30].  Among  these  18  unknown 
coefficients,  V\%  V2,  V4,  V5,  Vq ,  V7  and  V8  are  maximum  activation 
velocities  of  corresponding  reactions;  I<\,  /C2,  JC4,  /C5,  I<6,  I<7  and  I<8  are 
Michealis-Menten  constants;  d\,  d2,  ^4  and  ds  are  degradation  rates 
of  Smadl/5,  Smad2/3,  Runx2  and  Osx,  respectively. 

We  did  parameter  fitting  regarding  the  dynamic  experimental 
data  [21,25,26]  by  genetic  algorithm  [37].  Our  experimental  data 
[21,25,26]  consist  of  4  sets  of  data  with  24  different  time  points, 
which  are  listed  in  Fig.  SI.  Equation  (14)  was  employed  for 
parameter  estimation  by  minimizing  the  fitness  error  between  the 
experimental  and  simulated  data, 

e  =  arg min  J(y?‘m(^)  -y^p(6))2,  04) 

where  y^m(0)  and  y^xp(0)  represent  the  simulated  and  experi¬ 
mental  data  with  time  point  t*  and  parameters  6 ,  respectively. 
0  stands  for  the  parameter  space,  in  which  the  search  space  for 
each  parameter  was  preset  in  a  range  according  to  previous 
studies  [21,25,26]  along  with  Michealis-Menten  kinetics.  Genetic 
algorithm  [37]  was  adopted  to  minimize  the  cost  function  in 
Equation  (14). 

Fig.  3  shows  that  simulated  dynamic  data  fit  well  to  the  dynamic 
experimental  data  as  previously  reported  [21,25,26].  The  mean 
squared  error  between  the  simulated  data  and  experimental  data  is 
0.2553.  The  speed  of  the  whole  estimation  algorithm  is  comparably 
fast  and  the  total  programming  running  time  in  the  parameter 
estimation  is  16.95  min. 

The  coefficient  of  variation  is  used  to  determine  if  the  parameter 
is  identifiable  or  not.  Coefficient  of  variation  is  defined  as  the  ratio 
of  the  standard  deviation  to  the  mean  of  the  estimated  values.  For 
a  given  parameter,  if  its  coefficient  of  variation  is  greater  than  1, 
then  it  is  unidentifiable;  otherwise  it  is  identifiable.  To  compute  the 
coefficient  of  variation  for  each  unknown  parameters,  we  applied 
bootstrap  strategy  [38]  to  re-sample  24  experimental  time  point 
data  24  times  by  “leave  one  out”  technique  [39].  After  that,  we  can 
have  24  sets  of  experimental  data  and  calculate  the  coefficient  of 
variation  for  each  parameter.  Fig.  4  shows  that  only  the  coefficients 
of  variation  of  V7  and  K7  are  greater  than  1,  indicating  that  only 


0  VI  K1  dl  V2  K2  d2  V4  K4  V5  K5  V6  K6  d4  V7  K7  V8  K8  d5 


Parameters 

Fig.  4.  Coefficient  of  variation  of  parameters.  Only  the  coefficients  of  variation  of  V7  and  I<7  are  larger  than  1,  indicating  that  only  11.11%  of  parameters  are  unidentifiable  and  other 
88.89%  of  parameters  are  identifiable. 
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11.11%  of  parameters  are  unidentifiable  whereas  88.89%  of  param¬ 
eters  are  identifiable. 

Parameter  sensitivity  analysis  is  a  tool  to  examine  whether  the 
system  is  preserved  to  the  modest  parameter  changes  and  quan¬ 
titatively  explores  the  sensitive  parameters.  In  this  work,  local 
parameter  sensitivity  analysis  was  employed  to  study  the  rela¬ 
tionship  between  the  expression  of  Runx2  (and  Osx)  and  the 
variations  for  each  parameter  value.  The  sensitivity  coefficient  (S) 
was  calculated  according  to  the  following  formula: 


9[Runx2]  J [Runx2] _ A [Runx2]  Mf,  forsmallAp.  fl51 
^  dPi  /  Pi  [Runx2]  /  p. ’torsma11  li- 


where  Pz  is  one  of  the  18  estimated  parameters  and  APZ  is  a  small 
change  of  the  corresponding  parameter.  Each  parameter  was 
increased  (or  decreased)  by  1%  from  its  estimated  value,  and  then 
we  can  obtain  the  percentage  changes  of  the  concentrations  of 
Runx2  and  Osx,  respectively.  Fig.  5  shows  that  the  expression  of 
Runx2  is  sensitive  to  V&  I<q  and  d. 4  and  the  expression  of  Osx  is 
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Fig.  5.  Parameter  sensitivity  analysis  of  the  intracellular  pathway  model.  Above  subfigure  shows  that  the  expression  of  Runx2  is  more  sensitive  to  V6,  I<6  and  d4.  Below  subfigure 
shows  that  the  expression  of  Osx  is  more  sensitive  to  V8,  I<8  and  d8,  as  well  as  to  Vi,  I<\,  d\  and  V7,  I<7.  These  results  show  us  which  kinetic  parameters  and  molecules  are  more 
important  in  the  system  and  also  demonstrate  that  the  developed  intracellular  pathway  system  is  robust. 
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sensitive  to  V\,  V7,  Vs,  K\,  I<7,  I< s,  d\  and  dg.  However,  the  maximum 
sensitivity  of  parameter  for  the  expression  of  Runx2  and  Osx  is  1.2% 
and  0.7%,  respectively.  Our  sensitive  analysis  (Fig.  5)  turns  out  that 
our  intracellular  pathway  system  is  rather  robust. 

3.2.  The  response  of  cellular  population  dynamics  to  the  cytokine 
therapies 

Fig.  6  shows  the  cellular  population  and  bone  mass  response  to 
the  concentration  change  of  each  of  three  cytokines  including 
BMP2,  TGF(3  and  Wnt.  We  increased  the  concentration  of  Wnt, 
BMP2  and  TGFp  10  folds  to  their  normal  or  initial  in  vivo  concen¬ 
tration  during  the  period  from  the  50th  day  to  the  150th  day  and 
the  results  were  evaluated  on  the  200th  day.  (1 )  Fig.  6a  shows  if  the 
concentration  of  Wnt  was  increased,  both  concentrations  of  pre¬ 


osteoblasts  and  active  osteoblasts  increased  rapidly;  whereas  the 
concentration  of  active  osteoclasts  increased  firstly,  then  decreased 
at  the  end  of  the  treatment  and  finally  converged  to  its  steady  state; 
the  concentration  of  pre-osteoclasts  was  almost  invariant.  (2)  If  the 
concentration  of  BMP2  was  increased,  Fig.  6b  shows  that  the 
concentration  of  active  osteoblasts  increased  significantly  and  the 
concentration  of  osteoclasts  decreased  greatly  whereas  both 
concentrations  of  pre-osteoblasts  and  pre-osteoclasts  were  almost 
invariant.  (3)  When  we  increased  the  concentration  of  TGFp 
(Fig.  6c)  a  much  lower  response  was  observed.  (4)  Fig.  6d  shows 
that  the  increase  of  bone  mass  induced  by  BMP2  was  the  greatest, 
whereas  the  increase  of  bone  mass  induced  by  TGF(3  was  the  least. 

Then  we  examined  how  combined  cytokines  influence  the 
cellular  population  and  bone  mass.  We  checked  all  of  the  combi¬ 
nations  of  cytokines,  i.e.  Wnt/BMP2,  BMP2/TGF(3,  Wnt/TGFp,  and 
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Fig.  6.  The  responses  of  cell  population  and  bone  mass  to  the  change  of  single  cytokine  concentration,  (a)  increased  Wnt,  (b)  increased  BMP2  and  (c)  increased  TGF(3  by  10  folds 
respectively  from  the  50th  day  to  the  150th  day.  (a)  When  the  concentration  of  Wnt  was  increased,  both  concentrations  of  pre-osteoblasts  and  active  osteoblasts  increased  rapidly; 
whereas  the  concentration  of  pre-osteoclasts  was  almost  invariant,  (b)  When  the  concentration  of  BMP2  was  increased,  the  concentration  of  active  osteoblasts  increased  signif¬ 
icantly  and  the  concentration  of  osteoclasts  decreased  greatly  whereas  both  concentrations  of  pre-osteoblasts  and  pre-osteoclasts  were  almost  invariant,  (c)  When  the  concen¬ 
tration  ofTGF-3  was  increased  a  much  lower  response  was  observed,  (d)  The  bone  mass  increased  most  when  the  concentration  of  BMP2  was  increased. 
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Table  1 

Responses  of  bone  mass  to  different  cytokine  therapies. 


Cytokine  therapy 

Bone  mass  (%) 

1 50  days 

200  days 

BMP 

103.6 

104.6 

Wnt 

102.4 

102.7 

TGF(3 

100.4 

100.8 

BMP2/Wnt 

104.7 

105.8 

BMP2/TGF3 

103.5 

104.3 

Wnt/TGF3 

101.7 

101.9 

BMP2/Wnt/TGF(3 

103.8 

104.5 

The  combined  BMP2  and  Wnt  promoted  the  bone  mass  formation  greatest  within 
200  days  are  shown  in  bold. 


Wnt/BMP2/TGF(3.  The  responses  of  cellular  population  dynamics 
are  demonstrated  in  the  Supplementary  Fig.  S2.  Table  1  lists  the 
percentage  increases  of  bone  mass  under  different  cytokine  ther¬ 
apies.  We  increased  the  concentration  of  Wnt/BMP2  as  a  combi¬ 
nation  5*Wnt  +  5*BMP2  simultaneously  during  the  period  from  the 
50th  day  to  the  150th  day,  and  the  results  were  evaluated  on  the 
200th  day.  The  percentage  increase  of  bone  mass  showed  that 
combined  effect  was  greater  than  both  of  the  effects  of  single  Wnt 
and  BMP2.  Additionally,  Table  1  shows  insignificant  improvement 
of  the  combined  effect  of  BMP2/TGF(3  compared  to  the  effect  of 
single  BMP2.  Other  combination  effects  can  also  be  seen  from 
Table  1. 

We  then  changed  the  concentration  of  single  cytokine  or 
combined  cytokines  in  a  large  range  from  10-2  to  103  with  respect 
to  their  initial  values  to  investigate  the  response  of  bone  mass.  Fig.  7 
indicates  that  the  combination  of  Wnt  and  BMP2  always  affected 


the  change  of  bone  mass  more  than  other  single  or  combined 
cytokines,  especially  when  the  dose  multiple  exponent  of  the 
combined  Wnt/BMP2  was  higher  than  1.  Flowever,  when  the  dose 
multiple  exponent  of  combined  Wnt  and  BMP2  was  less  than  0.3, 
the  combined  Wnt/BMP2  resulted  in  the  decrease  of  the  bone  mass 
compared  to  its  initial  state. 


3.3.  Cytokine  combination  therapy  evaluations 


Fig.  7  reveals  that  the  combination  of  Wnt  and  BMP2  greatly 
affected  the  change  of  bone  mass  than  others.  Fig.  8  shows  that  the 
flexible  tuning  of  the  bone  mass  percentage  was  controlled  by  Wnt 
and  BMP2  combination.  And  then,  we  adopted  the  Loewe  additivity 
[40,41]  and  Bliss  independence  [41-43]  to  evaluate  and  examine 
whether  the  combination  effect  of  Wnt  and  BMP2  is  synergy  or  not. 

The  combination  index  of  Loewe  synergy  is  defined  as  a  ratio  of 
total  effective  cytokine  dose  (combination  versus  single  cytokines) 
required  to  achieve  a  given  effect  as  follows: 


CILo 


_di_  d2_ 
GC™  GCf’ 


(16) 


where  d\  (Wnt)  and  d2  (BMP2)  are  the  cytokine  combination  dose 
located  in  the  combination  isobologram  with  respect  to  the  bone 
mass  increasing  x  percentage.  GCj^  or  GC^2)  represents  the 
concentration  of  single  cytokine  Wnt  or  BMP2  with  respect  to  the 
bone  mass  increasing  by  x  percentage,  respectively.  ClLoewe  <  h 
ClLoewe  >  land  ClLoewe  =  1  indicate  Loewe  synergy,  antagonism  and 
additivity,  respectively. 
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Fig.  7.  The  responses  of  bone  mass  to  the  change  of  concentration  of  cytokines  in  a  large  range  from  10-2  to  103  with  respect  to  their  initial  values.  X  axis  represents  the  dose 
multiple  exponent  in  different  therapies,  Y  axis  represents  the  corresponding  bone  mass  percentages.  The  combination  of  Wnt  and  BMP2  can  influence  the  change  of  bone  mass 
more  than  other  single  or  combined  cytokines.  We  also  note  that  when  the  dose  multiple  exponent  of  combined  Wnt  and  BMP2  was  less  than  0.3,  the  combined  Wnt  and  BMP2 
resulted  in  the  decrease  of  the  bone  mass  compared  to  its  initial  state. 
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Fig.  8.  Prediction  of  bone  mass  production  by  Wnt  and  BMP2  combination.  The  flexible  tuning  of  the  bone  mass  percentage  was  controlled  by  Wnt  and  BMP2  combination. 


Fig.  9  shows  that  5%  isobologram  of  Wnt  and  BMP2  (green 
curve)  bows  inward  indicating  ClLoewe  <  1  in  this  case.  Therefore 
the  combination  of  Wnt  and  BMP2  is  synergistic  regarding  the  5% 
bone  growth  isobologram.  Also  the  optimal  combination  to  achieve 
5%  bone  growth  was  marked  on  the  isobologram  as  a  red  dot,  at 
which  point  the  isobologram  was  tangent  to  the  equivalent  total 
dose  line  (the  black  dashed  line). 

Another  famous  synergy  quantification  method  for  combination 
therapy  is  Bliss  independence  [41-43],  which  is  defined  as 


ciBiiss(*>y) 


R,(x)  +  R2(y)-R,(x)R2(y) 

Ru(x,y) 


where  Ri(x)  is  response  level  defined  as  follows 


(17.1) 


—  ^cytokine  (*) /^initial- 


(17.2) 


Oinitiai  and  Ocytokine  are  the  initial  bone  mass  and  the  bone  mass 
under  treatment  of  corresponding  cytokine,  respectively. 
fti(x)  +  R2{y)  -  R\{x)-R2(y)  in  Equation  (17.1)  is  the  expected 
response  effect,  and  Ru{*,y)  is  the  actual  combination  effect.  Hence, 
if  CIbhss  <  1,  Bliss  index  considers  the  combination  of  the  cytokines 
has  synergistic  effect;  if  CIbhss  >  h  Bliss  index  considers  the 
combination  of  the  drugs  has  antagonistic  effect;  otherwise,  Bliss 
index  considers  the  combination  of  the  drugs  has  additive  effect. 

We  then  employed  Bliss  index  to  explore  more  information  and 
characteristics  of  the  combination  effect  of  Wnt  and  BMP2.  As 
visualized  in  Fig.  10,  our  results  exhibited  that  BMP2  levels  gov¬ 
erned  the  synergism.  When  the  BMP2  level  was  higher  than  0,  the 
two  drugs  were  synergic,  otherwise  antagonistic.  We  also  found 
that  Wnt  at  high  levels  showed  opposite  effects  in  terms  of 
synergism  at  different  BMP2  levels.  When  BMP2  level  was  high, 
increasing  Wnt  level  promoted  the  synergistic  effects  of  the  two 
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“  Loewe  combination  index” 
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Cl  <  1  <=>  Synergy 
Cl  >  1  <=»  Antagonism 
Cl  =  1  <=>  Additive 


Fig.  9.  Synergy  prediction  on  Wnt  and  BMP2  combination  based  on  Loewe  combination  index.  5%  isobologram  of  Wnt  and  BMP2  (green  curve)  bows  inward  indicating  Cl  <  1, 
therefore  the  combination  of  Wnt  and  BMP2  is  synergy.  The  optimal  combination  of  Wnt  and  BMP2  in  terms  of  the  minimum  total  dose  to  achieve  5%  bone  mass  growth  was 
marked  in  red  at  (di,  d2)  (For  interpretation  of  the  references  to  colour  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 
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Fig.  10.  Synergy  prediction  on  dual  combinations  of  Wnt,  BMP2,  and  TGF(3  based  on  Bliss  combination  index.  Wnt  and  BMP2  perform  dose-dependent  synergism,  (a)  BMP2  levels 
governed  the  synergism.  When  the  BMP2  level  was  higher  than  0,  the  two  drugs  were  synergic,  otherwise  antagonistic.  We  also  found  that  Wnt  at  high  levels  showed  opposite 
effects  in  terms  of  synergism  at  different  BMP2  levels.  When  BMP2  level  was  high,  increasing  Wnt  level  promoted  the  synergistic  effects  of  the  two  drugs.  In  contrast,  when  BMP2 
level  was  low,  the  more  the  Wnt  was  introduced,  the  stronger  the  antagonistic  effect  was.  (b)  Wnt/TGF(3  and  (c)  BMP2/TGF(3  combinations  also  showed  dose-dependent  synergism 
but  much  lower  responses. 


drugs.  In  contrast,  when  BMP2  level  was  low,  the  more  the  Wnt  was 
introduced,  the  stronger  the  antagonistic  effect  was. 

Additionally,  Fig.  10  demonstrates  that  the  combinations  of 
Wnt/TGFP  and  BMP2/TGFp  also  produced  dose-dependent  syner- 
gisms  yet  much  lower  responses. 

4.  Discussion 

Our  quantitative  study  evaluated  the  combinatorial  effects  of 
cytokines  including  Wnt,  BMP2,  and  TGF(3  released  from  hydrogels 
on  bone  mass  regeneration  based  on  the  latest  knowledge  of  intra- 
and  inter-cellular  signaling  during  bone  regeneration  and  remod¬ 
eling.  We  established  a  multi-scale  systematic  model  by  integrating 
the  intracellular  signaling  pathways  of  interests  for  each  cell 
phenotypes  along  with  intercellular  communications  into  the 
stochastic  cellular  population  dynamics.  Parameters  of  the  intra¬ 
cellular  signaling  pathways  were  estimated  by  fitting  the  model  to 


the  dynamic  experimental  data  [21,25,26]  using  genetic  algorithm 
[37].  We  then  explored  in  silico  dose  effects  and  synergism  of 
various  cytokine  combinations,  which  provided  insights  into  the 
critical  control  mechanisms  of  the  dynamic  bone  remodeling 
process.  Synergisms  were  evaluated  using  Loewe  index  [40,41  ]  and 
Bliss  index  [41-43]. 

Our  modeling  strategy  successfully  captured  key  kinetic  features 
of  the  underlying  intra-  and  inter-cellular  signaling  pathways, 
given  that  less  critical  molecular  details  were  lumped  into  Hill 
functions  ([44,45]).  The  simulation  results  (Fig.  3)  were  consistent 
with  experimental  data  (Fig.  SI ),  which  suggested  the  fundamental 
signaling  networks  used  in  this  work  were  reliable.  The  estimation 
of  parameters  was  confident  as  most  parameters  were  well  covered 
by  experimental  data,  with  only  2  out  of  18  parameters  were 
unidentifiable  (Fig.  4).  Parameter  sensitivity  test  (Fig.  5)  proved  that 
the  model  was  robust  against  the  inaccuracy  of  parameter  esti¬ 
mation,  which  is  crucial  to  the  simulation  of  complex  bio-systems. 
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The  simulations  of  dose  effects  revealed  that  the  sensitivities  and 
dynamics  of  different  types  of  bone  cells  to  the  doses  of  each  cyto¬ 
kine  were  significantly  different.  Though  all  three  cytokines 
promoted  the  populations  of  active  osteoblasts  and  pre-osteoblasts 
(Fig.  6a— c),  BMP2  promoted  the  population  of  active  osteoblasts 
greatest  and  also  significantly  suppressed  that  of  active  osteoclasts 
(Fig.  6b).  Other  groups  also  observed  similar  effects  of  BMP2  [46,47]. 
This  finding  may  be  useful  for  the  clinical  treatment  of  osteoporosis, 
that  is,  growth  factors,  such  as  BMP2,  can  be  potentially  used  to  not 
only  promote  the  bone  formation  but  also  inhibit  the  bone  resorp¬ 
tion  for  osteoporosis  patients.  It  was  also  interesting  to  observe  that 
TGF|3,  one  of  the  most  abundant  cytokines  in  bone  tissues,  showed 
few  effects  on  bone  remodeling,  which  was  consistent  with  results 
from  peers  [48]  that  the  major  role  of  TGFp  during  bone  remodeling 
is  to  promote  migration  of  bone  MSC  instead  of  directly  regulating 
the  balance  between  bone  formation  and  resorption. 

The  in  silico  exploring  of  drug  (cytokine)  combinations  cast  new 
light  on  the  design  strategies  of  engineered  bone  scaffolds,  such  as 
hydrogels  carrying  cytokines  or  growth  factors  and  cells.  Regarding 
the  cytokines  encapsulated  in  the  hydrogels,  the  combinations  of 
Wnt  and  BMP2  surpassed  all  the  other  choices  with  dramatic 
enhance  merit  of  both  total  bone  mass  production  (Fig.  7)  and  the 
most  significant  synergistic  effects  (Fig.  10a).  This  results  are 
consistent  with  published  works  [49,50]  but,  in  addition,  we 
demonstrate  here  that  the  effects  of  Wnt  were  BMP2-dependent. 
When  the  BMP2  level  was  low,  Wnt  along  could  not  initiate 
significant  bone  mass  production,  and  also  showed  antagonistic 
effects.  TGFp  showed  similar  trends.  As  for  prevention  of  over¬ 
generation  of  bone  mass  and  the  consequential  hyperostosis, 
reduction  of  any  single  cytokines  of  TGF(3  or  Wnt  could  not  suppress 
bone  over-generation,  while  any  of  their  combinations  as  well  as 
single  or  combined  BMP2  performed  equally  well. 

Optimal  doses  of  cytokine  combinations  released  from  the 
hydrogels  for  most  efficiently  tuning  bone  remodeling  could  be 
achieved  from  the  growth  isobolograms  of  specific  goals  of 
tuning.  For  example,  as  shown  in  Fig.  9,  if  the  overall  bone 
regeneration  in  the  artificial  scaffolds  should  be  boosted  by  5%  to 
meet  the  clinical  need  of  a  bone  fracture  patient  who  also  suffers 
from  osteoporosis,  the  most  efficient  cytokine  delivery  doses 
should  be  around  BMP2  of  4.1  and  Wnt  of  2.2.  Such  results  will 
provide  very  useful  guidelines  for  the  designs  of  the  cytokine 
releasing  devices. 

The  major  purpose  of  this  work  was  to  explore  the  possible 
strategies  of  long-term  delivering  of  cytokines  to  guide  the  bone 
remodeling  of  the  engineered  bone  grafts  and  promote  the  prog¬ 
nosis,  therefore  we  did  not  explicitly  simulate  those  processes  that 
were  also  crucial  for  bone  tissue  engineering  but  not  for  bone 
remodeling,  which  including  initial  vascularization,  inflammatory 
effects.  Mechanical  cues  that  are  sensed  and  processed  by  osteo- 
cytes  in  the  regulation  of  bone  formation  and  resorption  [51]  are 
also  important  but  beyond  the  scope  of  this  work.  Actual  intra-  and 
inter-cellular  signaling  mechanisms  involved  in  bone  remodeling 
and  healing  are  extensively  complicated  [19,52].  As  the  first 
attempt,  we  focused  on  several  well  known  major  mechanisms 
[19-24,27,50]  and  combined  the  detailed  reactions  of  the  signaling 
pathways  (i.e.  ligand-receptor  reaction,  protein  binding  and 
disassociation)  using  Hill  functions.  The  parameter  estimation  was 
based  on  the  current  available  in  vitro  dynamic  experimental  data 
[21,25,26],  as  the  reliable  in  vivo  dynamic  data  are  not  yet  available. 
Other  growth  factors  and  cytokines,  such  as  IGF1,  FGF2,  VEGF  and 
etc.  released  from  hydrogels,  along  with  mechanosensor  cells, 
osteocytes,  will  be  examined  in  a  follow  up  study.  Intensive  in  vivo 
studies  guided  by  this  work  will  provide  necessary  data  for  further 
extending  our  current  model  to  a  quantitative,  personalized  simu¬ 
lation  system  to  develop  proper  treatment  plan  for  each  patient. 


5.  Conclusions 

This  study  showed  the  dominating  role  of  BMP2  in  bone 
regeneration  and  remodeling,  predicted  that  the  combination  of 
Wnt  and  BMP2  can  achieve  best  control  of  bone  remodeling  and 
best  bone  mass  regeneration  among  tested  combinations,  and 
suggested  optimal  dose  ratios  of  given  cytokine  combinations 
released  from  hydrogels  to  most  efficiently  control  the  long-term 
bone  remodeling.  The  analysis  of  simulation  results  brings 
insights  into  the  underlying  molecular  and  cellular  mechanisms  for 
the  combination  effects  of  cytokines.  This  model  as  well  as  the 
quantitative  synergism  evaluation  of  cytokine  combinations  in 
terms  of  bone  formation  has  significantly  narrowed  the  candidates 
of  cytokine  delivery  conditions  for  the  designs  of  biological 
experiments,  and  will  guide  the  design  of  in  vivo  bone  scaffolds  and 
the  clinical  treatment  of  some  diseases  such  as  osteoporosis. 
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Extracellular  matrix  (ECM)  serves  a  key  role  in  cell  migration,  attachment,  and  cell  development.  Here  we 
report  that  ECM  derived  from  human  umbilical  vein  endothelial  cells  (HUVEC)  promoted  osteogenic 
differentiation  of  human  bone  marrow  mesenchymal  stem  cells  (hMSC).  We  first  produced  an  HUVEC- 
derived  ECM  on  a  three-dimensional  (3D)  beta-tricalcium  phosphate  ((3-TCP)  scaffold  by  HUVEC  seed¬ 
ing,  incubation,  and  decellularization.  The  HUVEC-derived  ECM  was  then  characterized  by  SEM,  FTIR, 
XPS,  and  immunofluorescence  staining.  The  effect  of  HUVEC-derived  ECM-containing  (3-TCP  scaffold  on 
hMSC  osteogenic  differentiation  was  subsequently  examined.  SEM  images  indicate  a  dense  matrix  layer 
deposited  on  the  surface  of  struts  and  pore  walls.  FTIR  and  XPS  measurements  show  the  presence  of  new 
functional  groups  (amide  and  hydroxyl  groups)  and  elements  (C  and  N)  in  the  ECM/p-TCP  scaffold  when 
compared  to  the  (3-TCP  scaffold  alone.  Immunofluorescence  images  indicate  that  high  levels  of  fibro- 
nectin  and  collagen  IV  and  low  level  of  laminin  were  present  on  the  scaffold.  ECM-containing  (3-TCP 
scaffolds  significantly  increased  alkaline  phosphatase  (ALP)  specific  activity  and  up-regulated  expression 
of  osteogenesis-related  genes  such  as  runx2,  alkaline  phosphatase ,  osteopontin  and  osteocalcin  in  hMSC, 
compared  to  [3-TCP  scaffolds  alone.  This  increased  effect  was  due  to  the  activation  of  MAPK/ERK  signaling 
pathway  since  disruption  of  this  pathway  using  an  ERK  inhibitor  PD98059  results  in  down-regulation  of 
these  osteogenic  genes.  Cell-derived  ECM-containing  calcium  phosphate  scaffolds  is  a  promising 
osteogenic-promoting  bone  void  filler  in  bone  tissue  regeneration. 

©  2012  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Extracellular  matrix  (ECM)  is  a  fibrillar  basement  network  of 
secreted  proteins  that  is  composed  mainly  of  collagens  and 
proteoglycans.  ECM  provides  appropriate  microenvironment  to 
support  cell  adhesion  and  direct  cell  behaviors  such  as  prolifera¬ 
tion,  and  differentiation  [1—3].  In  vivo ,  ECM  is  initially  produced  by 
cells  and  subsequently  formed  into  a  three-dimensional  (3D) 
network  [3]. 

In  an  attempt  to  engineer  similar  microenvironments  in  tissue 
engineered  scaffolds  for  regenerative  medicine  applications, 
previous  studies  have  utilized  decellularized  ECM  derived  from 
human  or  animal  tissues  and  organs,  typically  urinary  bladder, 
heart  valves  or  small  intestine  [4-6],  to  produce  biological  scaf¬ 
folds.  However,  potential  pathogen  transmission  and  the 
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dimensions  of  the  original  tissue  limit  the  application  of  decellu¬ 
larized  ECM  from  human  or  animal  tissue  [4,5,7].  In  contrast,  the 
use  of  synthetic  scaffolds  carries  little  to  no  risk  of  infectious 
disease  transmission  and  has  the  added  advantage  of  easy  formu¬ 
lation.  However,  these  synthetic  scaffolds  rarely  provide  the 
necessary  biological  stimulus  for  appropriate  tissue  development. 

In  order  to  reproduce  ECM-like  function  in  synthetic  scaffolds, 
previous  studies  have  utilized  ECM  proteins  such  as  vitronectin, 
collagen,  laminin  and  fibronectin  to  coat  the  surface  of  polymers, 
ceramics,  and  hydrogels  [8-13,14].  Kundu  and  Putnam  demon¬ 
strated  that  vitronectin  and  collagen  I  coated  onto  PLGA  polymer 
film  regulated  the  osteogenic  behavior  of  hMSC  through  MAPK/ERK 
signaling  pathway  [12,13]  while  Klees  et  al.  reported  that  laminin-5 
stimulated  the  osteogenic  differentiation  of  hMSC  [15].  Although 
these  studies  demonstrate  that  ECM  proteins  can  enhance  cell 
attachment  and  differentiation,  it  is  difficult  to  reproduce  the  exact 
composition  and  function  of  native  ECM  using  protein-coating 
methods  alone  [16]. 
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Therefore,  creating  a  native  ECM  on  a  synthetic  scaffold  may 
facilitate  cell  development  by  combining  biological  cues  with 
three-dimensional  (3D)  mechanical  support.  Cell-derived  ECM 
fabricated  onto  3D  scaffolds  has  recently  garnered  increased 
attention  with  several  studies  showing  promising  results 
[17—20,21].  Mikos  and  colleagues  showed  that  titanium  fiber 
meshes  containing  ECM  derived  from  rat  marrow  stromal  cells 
increased  bone  matrix  deposition  in  vitro  when  compared  to  those 
directly  grown  on  titanium  fiber  mesh  or  polymeric  scaffold  alone 
[22-24,25].  Chen  and  colleagues  demonstrated  that  bone  marrow 
cell-derived  ECM  facilitates  expansion  of  mesenchymal  colony¬ 
forming  units  in  vitro  while  maintaining  their  stem  cell  properties 
[26].  These  results  suggest  that  cell-derived  ECM  creates  a  micro¬ 
environment  conducive  to  osteoblastic  cell  differentiation.  There¬ 
fore,  we  hypothesize  that  HUVEC-derived  ECM-containing  porous 
ceramic  scaffolds  can  promote  osteogenic  differentiation  of  hMSC. 

There  were  three  goals  of  this  study.  The  first  was  to  investigate 
the  feasibility  of  depositing  HUVEC-derived  ECM  on  the  surface  of 
a  porous  (3-TCP  bioceramic  scaffold.  The  second  was  to  see  if 
HUVEC-derived  ECM  would  enhance  osteogenic  differentiation  of 
hMSC,  and  the  third  was  to  assess  the  function  of  the  MAPK/ERK 
signaling  pathway  in  the  osteogenic  process.  We  first  established 
the  protocol  of  HUVEC-derived  ECM  on  porous  (3-TCP  scaffolds  and 
characterized  it  using  scanning  electron  microscope  (SEM),  Fourier 
transmission  infrared  spectrum  (FTIR),  X-ray  photoelectron  spec¬ 
troscopy  (XPS),  and  immunofluorescence  staining.  Then  osteogenic 
differentiation  of  hMSC  was  investigated  through  evaluation  of 
alkaline  phosphatase  (ALP)  specific  activity  and  gene  expression  of 
osteogenic  genes,  including  alkaline  phosphatase  (alp),  runt- 
related  transcription  factor  2  (runx2),  osteopontin  ( opn )  and 
osteocalcin  (oc).  Finally,  an  osteogenic  signaling  pathway  MAPK/ 
ERK  was  also  studied. 

2.  Materials  and  methods 

2.1.  Materials 

(3-TCP  powder  (specific  surface  area:  17  m2/g)  was  obtained  from  Nanocerox,  Inc. 
(Ann  Arbor,  Michigan).  Paraffin  granules  purchased  from  Fisher  Scientific  (Pitts¬ 
burgh,  USA)  were  used  to  fabricate  small  beads  as  porogen. 

An  MSCGM™  BulletKit™,  EBM™  (endothelial  basal  medium),  and  an  EGM™ 
(endothelial  growth  media)  SingleQuots™  Kit  were  purchased  from  Lonza,  Inc.  Anti¬ 
human  laminin  monoclonal  antibody  (MAB1921)  was  obtained  from  Millipore 
(Billerica,  MA).  Mouse  anti-human  monoclonal  antibodies  to  collagen  IV  (ab6311) 
and  to  fibronectin  (ab26245)  were  purchased  from  Abeam.  Mouse  monoclonal 
osteocalcin  antibody  (sc73464)  was  purchased  from  Santa  Cruz  Biotechnology 
(Santa  Cruz,  CA).  Rabbit  anti-human  polyclonal  antibody  ERK1/2  and  phospho- 
ERK1/2  (Thr202/Tyr204),  and  the  secondary  antibody  Alexa  Fluor®  594  (goat  anti¬ 
mouse,  2  mg/mL)  were  purchased  from  Invitrogen  (Carlsbad,  CA).  Anti-rabbit  IgG 
(H  +  L)  HRP  conjugate  was  purchased  from  Promega.  MEK1/2  inhibitor  PD98059 
was  purchased  from  Sigma— Aldrich. 

2.2.  Preparation  of  (3-TCP  scaffolds 

The  process  to  fabricate  3-TCP  scaffolds  using  a  template-casting  method  was 
described  in  previous  studies  [27,28].  In  short,  3-TCP  powder,  dispersant  (Darvan® 
C),  surfactant  (Surfonal®),  and  carboxymethyl  cellulose  powder  were  mixed  in 
distilled  water  to  form  slurry.  Paraffin  beads  with  designed  size  were  packed  into 
a  customized  mold  and  heated  to  partially  melt  the  beads  and  form  the  template. 
The  3-TCP  ceramic  slurry  was  then  cast  onto  the  template.  The  slurry  can  thoroughly 
fill  the  template  under  vacuum  environment.  The  as-cast  template  was  solidified  for 
two  days  and  then  dehydrated  in  a  series  of  graded  ethanol  solutions.  After  the 
dehydration,  the  dehydrated  ceramic  green  body  was  put  in  an  alumina  dish  and 
sintered  at  1250  °C  for  3  h.  The  morphology  of  3-TCP  scaffolds  was  characterized  by 
scanning  electron  microscopy.  The  diameter  of  the  scaffolds  used  for  this  study  was 
7—8  mm  and  the  height  was  5—6  mm.  The  porosity  of  the  scaffolds  was  82.5  ±  0.1% 
and  the  pore  size  ranged  from  350  pm  to  500  pm  [29]. 

2.3.  Cell  culture 

HUVEC  was  provided  from  the  laboratory  of  the  late  Dr.  J.  Folkman  (Children’s 
Hospital,  Boston).  hMSC  was  provided  by  Dr.  Melero-Martin  from  Children’s 


Hospital,  Boston.  The  hMSC  can  differentiate  into  adipogenic,  chondrogenic,  and 
osteogenic  lineages  [30].  The  hMSC  were  cultured  in  MSCBM,  which  is  a  non¬ 
differentiating  growth  medium  containing  10%  fetal  bovine  serum  (FBS)  and  1  x 
glutamine— penicillin— streptomycin  (GPS;  Invitrogen).  HUVEC  were  cultured  in 
EBM-2  containing  supplements  from  EGM-2  kit  and  10%  FBS.  The  cell  medium  was 
changed  every  3  days.  Cells  below  passage  9  were  used  in  all  the  experiments. 

2.4.  Production  of  ECM  on  (3-TCP  scaffolds 

HUVEC  were  cultured  in  EBM-2  and  trypsinized  after  confluence.  1  x  105  cells 
suspended  in  100  pi  medium  were  seeded  onto  scaffolds  and  then  incubated  for  1  h 
for  cell  attachment  on  the  surface  of  scaffolds;  afterwards,  additional  culture 
medium  was  added  to  culture  cells  on  the  scaffold  for  14  days.  Medium  was  changed 
every  3  days.  At  the  designed  time  points,  cell/scaffolds  were  washed  in  PBS  and 
then  HUVEC  were  stripped  off  from  the  scaffolds  in  a  mixture  solution  of  0.5%  Triton 
X-100  and  20  mM  NH4OH  for  5  min  according  to  previously  reported  methods 
[31,32],  leaving  structurally-intact  ECM  exposed  and  uniformly  attached  on  the 
surface  of  inner  walls  of  scaffolds.  Finally,  ECM-deposited  scaffold  surfaces  were 
gently  washed  5  times  using  PBS  and  air-dried  in  the  biological  hood  for  further  use. 

2.5.  Identification  and  characterization  of  ECM  deposited  on  (3-TCP  scaffolds 

2.5.1.  Scanning  electron  microscope  (SEM) 

The  surface  morphology  of  3-TCP  scaffold  and  ECM/3-TCP  scaffold  were  exam¬ 
ined  using  an  SEM  (FEI,  USA).  The  scaffolds  were  sputter-coated  with  gold  before 
imaging.  The  operated  voltage  was  set  at  a  15  kV. 

2.5.2.  Immunofluorescent  staining  of  matrix 

To  study  the  protein  components  and  distribution  pattern  of  HUVEC-derived 
ECM  on  3-TCP  scaffolds,  immunofluorescent  staining  was  performed.  Three 
proteins,  collagen  IV,  fibronectin  and  laminin  as  biomarkers  of  ECM  components, 
were  immunofluorescent  stained.  After  decellularization,  ECM/3-TCP  scaffolds  were 
washed  three  times  in  PBS.  A  5%  BSA— PBS  buffer  solution  was  used  to  block  the 
samples  for  1  h  at  room  temperature,  and  then  primary  antibodies,  including  mouse 
anti-human  collagen  IV  (dilution  1:200),  fibronectin  (dilution  1:100),  and  laminin 
(dilution  1 :100)  in  1%  BSA— PBS,  were  added  into  the  sample  followed  by  incubation 
overnight  at  4  °C.  After  washing  with  PBS,  a  secondary  antibody  (Alexa  Fluor®  594, 
2  pg/ml,  Invitrogen)  in  1%  BSA— PBS  was  added  into  the  samples  and  incubated  in  the 
dark  for  1  h  at  room  temperature.  Finally,  the  cell  nuclei  were  counterstained  with 
DAPI  (5  |ig/ml)  for  1  min  and  then  extensively  washed  with  PBS.  The  fluorescent 
staining  was  imaged  by  confocal  microscopy  (CSLM,  Olympus  1X81). 

2.5.3.  Fourier  transmission  infrared  spectrum  (FTIR) 

FTIR  analysis  was  carried  out  to  determine  components  of  ECM/3-TCP  using  an 
attenuated  total  reflection  system  on  a  Nicolet  spectrometer.  FTIR  spectra  were 
recorded  with  100  scans  at  4.0  cm-1  resolution.  Spectra  were  normalized  to 
a  background  spectrum.  A  dry  system  was  used  to  prevent  atmospheric  moisture. 

2.5.4.  X-ray  photoelectron  spectroscopy  (XPS) 

XPS  was  conducted  to  investigate  the  surface  elements  of  ECM  on  3-TCP 
(detectable  depth  3—5  nm).  A  focused  monochromatic  Al-Ka  X-ray  (1486.6  eV)  was 
used  as  excitation  source.  To  bombard  the  sample,  X-rays  were  set  to  40  W  of  power, 
a  running  voltage  of  15  kV  and  a  sampling  area  of  200  pm  in  diameter.  The  binding 
energy  (1100-0  eV)  was  recorded  in  survey  scan  spectra  at  0.5  eV  steps,  and  the  pass 
energy  was  set  at  140  eV.  Elemental  spectra  of  Cls,  Ols,  Nls,  Ca2s,  P2p  were  scanned 
at  a  high  resolution  with  0.1  eV  intervals.  The  percentages  of  each  major  element 
were  automatically  calculated  by  equipment-associated  Multipak  software.  Binding 
energies  of  elemental  spectra  were  autoshift-scaled  to  the  spectra  of  Cls  peak  which 
was  set  at  284.7  eV.  A  control  sample  consisting  of  decellularized  ECM  collected 
from  culture  plates  was  also  measured. 

2.6.  Proliferation  and  osteogenic  differentiation  assays 

hMSC  were  seeded  at  a  density  of  1  x  105  cells/scaffold  on  ECM/3-TCP  and  3-TCP 
scaffolds  in  MSCBM  non-differentiation  medium,  and  then  the  culture  medium  was 
changed  to  hMSC  osteogenic  media,  which  contains  10%  FBS,  10  mM  3-glycer¬ 
ophosphate,  10  nM  dexamethasone,  and  50  pg/ml  ascorbic  acid.  For  the  experimental 
groups  involving  the  inhibitor  PD98059,  fresh  osteogenic  media  containing  inhibitor 
PD98059  at  a  final  concentration  of  50  |im  were  added.  On  each  media  change,  fresh 
inhibitor  was  added  into  the  fresh  media.  At  each  time  point,  cells  were  harvested 
from  scaffolds.  After  rinsing  the  samples  in  PBS,  the  samples  were  frozen  at  -20  °C. 

Concentration  of  double-stranded  DNA  (dsDNA),  which  represents  cell  prolif¬ 
eration,  was  quantified  in  a  fluorometric  assay.  At  the  determined  time  point,  Cells 
were  lysed  in  a  0.2%  Triton  X-100  solution  followed  by  three  freeze/thaw  cycles. 
During  each  cycle,  cells/scaffolds  were  frozen  to  -80  °C  for  20  min  followed  by 
thawing  to  37  °C  for  another  20  min.  To  homogenize  cell  lysates  solution,  samples 
were  finally  sonicated  on  ice  for  1  min.  Lysates  were  then  placed  on  96-well  plates.  A 
PicoGreen  assay  kit  (Invitrogen)  was  used  to  measure  the  absorbance.  A  BioTek 
FL800  instrument  was  used  for  sample  reading  at  480/520  nm  (ex/e m)  wavelengths. 
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Table  1 

Sequences  of  primers  used  for  real-time  PCR  analysis. 


Genes 

Sequences 

GAPDH 

For:  5'-AAC  AGC  GAC  ACC  CAC  TCC  TC 

Rev:  5' -CAT  ACC  AGG  AAA  TGA  GCT  TGA  CAA 

runx2 

For:  5'-AGA  TGA  TGA  CAC  TGC  CAC  CTC  TG 

Rev:  5'-GGG  ATG  AAA  TGC  TTG  GGA  ACT 

alp 

For:  5'-ACC  ATT  CCC  ACG  TCT  TCA  CAT  IT 

Rev:  5'-AGA  CAT  TCT  CTC  GTT  CAC  CGC  C 

opn 

For:  5'-ATG  AGA  TTG  GCA  GTG  ATT 

Rev:  5'-TTC  AAT  CAG  AAA  CCT  GGA  A 

oc 

For:  5'-TGT  GAG  CTC  AAT  CCG  GAC  TGT 

Rev:  5' -CCG  ATA  GGC  CTC  CTG  AAG  C 

DNA  concentrations  were  then  determined  by  comparing  values  to  a  standard  curve 
constructed  with  values  for  solutions  with  known  DNA  concentrations. 

To  determine  alkaline  phosphatase  activity  (ALP),  a  working  solution  containing 
p-nitrophenyl  phosphate  (p-NPP)  was  added  into  samples  and  then  incubated  for 
30  min  at  37  °C.  After  incubation,  the  reaction  was  stopped  by  placing  samples  on  ice 
and  adding  100  pL  of  1  m  sodium  hydroxide.  The  absorbance  values  of  samples  were 
obtained  on  a  microplate  reader  (BioTek)  at  405  nm  wavelength.  The  ALP  concen¬ 
tration  of  samples  was  calculated  through  a  standard  curve.  The  ALP  specific  activity 
was  determined  by  normalizing  ALP  value  of  each  sample  to  its  dsDNA  concentration. 


2.7.  Real-time  PCR 

Cellular  total  RNA  was  extracted  after  7  and  14  days  of  incubation  using  an  RNeasy 
mini  Kit  (QIAGEN).  RNA  concentration  was  determined  on  an  Eppendorf  Bio¬ 
photometer.  RNA  samples  were  then  reversed-transcribed  into  cDNA  using  an  iScript 
cDNA  synthesis  kit  (BIO-RAD).  Real-time  PCR  was  run  on  an  ABI  7900HT  Sequence 
Detection  system  (ABI,  Foster  city,  CA)  using  a  cDNA  product  template,  specific  primers, 
and  iQ.SYBR  Green  supermix  (BIO-RAD)  in  a  total  volume  of  10  pL.  Primer  sequences  as 
shown  in  Table  1  for  runx2,  alp,  osteopontin  (opn),  osteocalcin  (oc),  and  glyceraldehyde 
3-phosphate  dehydrogenase  (GAPDH)  were  purchased  from  Invitrogen  and  used  to 
evaluate  gene  expression  [33—35].  The  relative  genes  expression  levels  were  analyzed 
using  the  2_AACt  method  [36]  by  normalizing  with  the  housekeeping  gene  GAPDH  as 
an  endogenous  control  and  calibrating  with  efficiency,  where  AACt  is  calculated  from 

(Q, sample  —  Q, control  )target  gene  —  (Q, sample  —  Q, control  )gAPDH- 


2.8.  Western  blot 

For  Western  blot  analysis,  hMSC  were  seeded  on  the  |3-TCP  and  ECM/3-TCP 
scaffolds  for  24  h.  Cells/scaffolds  were  then  lysed  with  cold  RIPA  buffer  containing 
a  phosphatase  inhibitor  cocktail  and  HaltTM  protease  (Thermo  Scientific,  Rockford, 
IL,  USA)  for  10  min,  and  then  cell  lysates  were  centrifuged  at  15,000  rpm  for  15  min 
at  4  °C  to  pellet  the  cell  debris.  An  aliquot  of  each  lysate  was  taken  out  to  measure 
protein  concentration  using  a  BCA  protein  assay  kit  (Thermo  Scientific,  Rockford,  IL, 
USA).  Five  pg  proteins  in  a  2x  Laemmli  loading  buffer  were  heated  at  95  °C  for  5  min, 
and  separated  on  4-15%  Mini-Protean  TGXTM  gels  (BIO-RAD).  Each  lane  was  loaded 
with  equal  protein  amounts.  A  Spectra™  multicolor  broad  range  protein  ladder 
(Fermentas)  was  run  in  parallel  lanes.  After  electrophoresis,  a  PVDF  membrane 
(Millipore,  Billerica,  MA)  was  used  to  transfer  the  proteins  from  gels  in  a  buffer 
(192  mM  glycine,  25  mM  Tris,  and  20%  v/v  methanol  (pH  8.3))  and  then  washed  in  1  x 
TBST  washing  buffer.  The  membrane  was  blocked  in  1  x  TBST  with  5%  BSA  for  1  h  at 
room  temperature.  Primary  antibodies  for  ERK1/2  and  phospho-ERI<l/2  (1:1000, 
Invitrogen)  in  lx  TBST  containing  1%  BSA  were  added  onto  the  PVDF  membranes 
and  then  incubated  overnight  at  4  °C.  The  membranes  were  rinsed  three  times  in 
TBST,  and  the  secondary  anti-rabbit  IgG  HRP  conjugate  (1:2500,  Promega)  was 
added  and  incubated  for  1  h  at  room  temperature,  followed  by  another  three  washes 
in  TBST.  The  protein  bands  on  the  PVDF  membrane  were  visualized  in  an  All-PRO 
Imaging  X-ray  film  processor  (Hicksville,  New  York)  after  immersing  in  ECL 
Western  blotting  detection  reagents  (GE  Healthcare,  UK)  for  short  time. 

2.9.  Statistical  analysis 

In  this  study  all  the  experimental  groups  were  carried  out  in  triplicate  and 
a  Student’s  t- test  was  used  to  statistically  analyze  the  difference  between  groups. 
Difference  was  considered  significant  if  the  p  value  was  less  than  0.05. 

3.  Results 

3.1.  Characterization  ofECM  on  (3 -TCP  scaffolds 

3.1.1.  SEM  morphologies  ofECM 

To  establish  the  protocol  of  producing  ECM  and  the  efficacy  of 
decellularization  (Fig.  1A),  HUVEC  were  initially  seeded  on  tissue 
culture  plates  and  decellularized.  Light  microscopy  images  of  the 
same  field  show  the  morphology  of  HUVEC  after  reaching 


Fig.  1.  (A)  The  schematic  of  HUVEC-derived  ECM  production.  Left:  lines  depict  ECM,  and  cells  are  on  the  ECM  basement;  right:  ECM  after  the  extraction  procedure.  (B)  Light 
microscopy  images  of  HUVEC  cultured  on  a  tissue  culture  plate  for  14  days  after  confluence  before  (left)  and  after  (right)  decellularization  (right).  Location  “+”  marked  identical 
fields.  (C)  Fluorescent  image  of  HUVEC  cultured  on  the  [3-TCP  scaffold  for  14  days  before  (left)  and  after  (right)  decellularization  (magnification:  4x). 
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p-TCP  ECM/p-TCP 


Fig.  2.  SEM  images  of  P-TCP  scaffold  before  seeding  the  HUVEC  (left)  and  of  the  ECM  layer  on  the  P-TCP  scaffold  after  decellularization  (right). 


Fig.  3.  Immunofluorescent  staining  images  of  collagen  type  IV,  fibronectin,  and  laminin  before  and  after  decelluarization.  Red:  Alexa  Fluor®  594  goat  anti-mouse  antibody:  Blue: 
DAPI.  (For  interpretation  of  color  in  this  figure  legend,  the  reader  is  referred  to  web  version  of  the  article.) 


Wavenumbers  (cm-1) 


Fig.  4.  ATR-FTIR  transmission  spectra  of  the  P-TCP,  ECM  from  tissue  culture  plate,  and 
ECM/P-TCP.  The  characteristic  peaks  of  amide  and  hydroxyl  groups  are  shown  on  the 
ECM  and  ECM/P-TCP  spectrum,  respectively. 


confluence  and  the  decellularized  extracellular  matrix  (Fig.  IB). 
Having  demonstrated  the  feasibility  of  producing  decellularized 
ECM  in  vitro ,  HUVEC  cells/scaffolds  were  cultured  for  14  days  on  (3- 
TCP  scaffolds,  and  subsequently  decellularized.  Fig.  1C  shows  that 
green  GFP-tagged  HUVEC  cells  covered  all  the  surface  of  the  scaf¬ 
fold  after  culturing  for  14  days.  No  green  fluorescence  was  observed 
on  the  scaffold  after  decellularization.  Fig.  2  shows  the  SEM 
morphology  of  the  surface  of  the  scaffolds.  Surfaces  of  untreated  (3- 
TCP  scaffold  ( p-TCP  only)  surfaces  showed  ceramic  micrograins  and 
micropores  whereas  the  surfaces  of  HUVEC  ECM-containing  p-TCP 
scaffolds  (ECM/P-TCP)  contained  a  dense  and  heterogeneous 
coating. 

3.1.2.  Immunofluorescent  staining  of  collagen  IV,  laminin  and 
fibronectin 

The  presence  of  the  ECM  on  the  scaffold  was  demonstrated 
using  immunofluorescent  staining  of  collagen  type  IV,  laminin,  and 
fibronectin.  Results  shown  in  Fig.  3  show  that  collagen  IV  and 
fibronectin  produced  strong  fluorescence  intensity,  suggesting 
abundance  within  the  HUVEC  ECM,  whereas  laminin  was  expressed 
a  relatively  low  level  in  a  sparse  dot-like  morphology.  After  decel¬ 
lularization,  the  majority  of  HUVEC  were  removed,  although 
several  nuclei  were  observed  in  fluorescent  images  before  and  after 
decellularization.  Similarly,  these  three  matrix  proteins  were 
present  before  and  after  decellularization. 
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3.1.3.  FTIR  analysis 

Results  for  FTIR  analysis  are  shown  in  Fig.  4.  The  wide  bands  in 
the  range  of  900-1200  cm-1  were  assigned  to  characteristic  bands 
of  phosphate  in  (3-TCP  [37].  These  were  not  observed  in  the  ECM- 
only  spectrum.  In  the  spectra  from  ECM  group,  which  was  har¬ 
vested  from  tissue  plate  after  decellularization,  two  absorption 
peaks  at  1500-1580  cm-1  and  1580-1750  cm-1  were  present  and 
assigned  to  amide  I  and  amide  II.  The  FTIR  spectra  of  ECM/(3-TCP 
showed  two  new  adsorption  bands  at  1642.4  cm-1  and 
3389.3  cm-1,  which  were  absent  from  the  (3-TCP  only  spectrum.  As 
discussed  in  previous  work  [38],  these  peaks  corresponded  to 
amide  I  and  hydroxyl  groups,  respectively.  The  amide  group  was 
assigned  to  the  presence  of  collagen,  while  proteoglycans  might  be 


responsible  for  the  high  hydroxyl  group  signal  [39].  Neither  peak 
was  observed  in  the  spectrum  of  (3-TCP  only. 

3.1.4.  XPS  analysis 

The  elements  in  the  ECM/(3-TCP  scaffolds  and  the  ECM  harvested 
from  tissue  culture  plates  were  measured  by  XPS.  Result  in  Fig.  5 
showed  that  there  is  a  new  peak  (binding  energy,  400  eV)  in  the 
ECM/J3-TCP  and  ECM-only  spectra,  corresponding  to  the  amino 
groups  in  the  peptide  bond  [32,39].  This  peak  corresponding  to  Nls 
was  not  observed  for  ECM-free  (3-TCP  scaffolds.  Signal  intensity  for 
the  Cls  peak,  at  284.7  eV,  was  larger  for  the  construct,  compared  to 
that  of  (3-TCP  only.  Table  2  further  indicated  that  the  nitrogen 
atomic  percentage  in  (3-TCP  only  groups  was  zero,  while  ECM/J3-TCP 
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Fig.  5.  XPS  survey  scan  spectra  (a)  and  XPS  Cls  core  level  spectra  (b)  for  P-TCP,  ECM  from  tissue  culture  plate,  and  ECM/P-TCP. 
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groups  contained  1.7%.  The  carbon  atomic  percentage  in  ECM/(3-TCP 
groups  was  also  significantly  higher  than  (3-TCP  only  groups:  up  to 
55.5%  in  the  ECM/p-TCP  and  5%  in  the  (3-TCP.  Trace  amounts  of 
carbon  in  the  (3-TCP  only  group  were  probably  attributed  to 
chemical  reagents  containing  carbon  during  sample  processing  or 
from  measurement  environment.  The  Cls  spectra  of  (3-TCP  only, 
ECM  decellularized  from  tissue  culture  plates,  and  ECM/(3-TCP 
groups  are  demonstrated  in  Fig.  5b-d,  respectively.  For  the  (3-TCP 
only  groups,  two  minor  components  (286.5  eV  (C— 0)  and  288.8  eV 
(C=0))  and  a  main  neutral  carbon  (C-H)  component  (284.6  eV) 
were  present.  For  the  spectrum  of  ECM  and  ECM/(3-TCP  groups 
(Fig.  5c,  d),  two  new  peaks  corresponded  to  C-N  (285.7  eV)  and  0= 
C-N  (287.6  eV)  was  shown  [39].  These  functional  groups  mainly 
result  from  ECM  protein  biomolecules  deposited  on  the  scaffolds. 

3.2.  Proliferation  and  osteogenic  differentiation  of  hMSC  on  (3-TCP 
and  ECM/ (3-TCP  scaffolds 

32.1.  dsDNA  and  ALP 

To  investigate  the  effect  of  ECM  on  hMSC  proliferation  and  early 
differentiation,  hMSC  were  seeded  on  (3-TCP  only  and  ECM/(3-TCP 
scaffolds  for  3,  7,  and  14  days,  and  the  dsDNA  content  and  ALP 
activity  was  analyzed.  Results  in  Fig.  6a,  b  showed  no  significant 
difference  in  dsDNA  contents  between  the  (3-TCP  only  and  ECM/(3- 
TCP  scaffold  groups,  suggesting  that  HUVEC-deposited  ECM  did  not 
alter  the  proliferation  of  hMSC.  However,  the  early  osteogenic 
differentiation  marker  ALP  indicates  higher  activity  level  in  ECM /(3- 
TCP  scaffolds  than  that  in  (3-TCP  only  scaffolds.  This  result  indicated 
that  ECM  deposited  on  the  scaffolds  significantly  promotes  the 
early  differentiation  of  hMSC. 

3.2.2.  Real-time  PCR 

hMSC  were  seeded  on  (3-TCP  only  scaffolds  and  ECM/(3-TCP 
scaffolds  for  7  and  14  days,  and  real-time  PCR  was  performed  to 
analyze  the  osteogenic  gene  expression.  The  results  indicated  that 
hMSC  cultured  in  ECM/J3-TCP  scaffolds  showed  significantly  higher 
gene  expression  level  of  osteogenic  transcription  factor  {runx2\ 
early  differentiation  gene  a/p,  and  bone  extracellular  matrix 
proteins  (opn  and  oc)  after  7  and  14  days,  compared  to  the  (3-TCP 
scaffolds  (Fig.  7).  For  runx2 ,  hMSC  cultured  in  ECM/J3-TCP  scaffolds 
were  expressed  5.2-fold  higher  than  that  in  (3-TCP  scaffolds  after  7 
days  and  38-fold  after  14  days.  For  a/p,  it  was  expressed  4.7  and  2.2- 
fold  at  7  and  14  days,  respectively.  Similarly,  opn  and  oc  genes  were 
also  expressed  higher  fold  in  ECM/(3-TCP  scaffolds  group  than  that 
in  (3-TCP  only  scaffolds.  Together,  these  gene  expression  results 
demonstrate  that  HUVEC-derived  ECM-containing  (3-TCP  scaffolds 
significantly  up-regulated  the  expression  of  osteogenic-related 
genes. 

3.2.3.  Immunofluorescence  staining  of  osteocalcin  matrix  protein 

To  further  verify  the  significant  role  of  ECM  in  promoting  the 

osteogenic  potential  of  hMSC,  a  late-stage  extracellular  matrix 
protein  of  hMSC  (osteocalcin)  was  immunostained.  Confocal 
images  showed  that  the  fluorescent  density  is  significantly  higher 
in  ECM/ (3-TCP  groups  than  in  the  (3-TCP  only  group  after  culturing 
for  14  and  21  days  (Fig.  8).  In  (3-TCP  only  group,  osteocalcin  was 


Table  2 

The  atomic  percent  of  individual  elements  on  the  surface  of  the  scaffolds  auto¬ 
matically  calculated  by  the  software  Multipak  associated  with  the  equipment. 


Groups 

Ca2p 

P2p 

Ols 

Cls 

Nls 

Nals 

C12p 

3-TCP 

18.4 

14.3 

52.2 

5 

0 

0 

0 

ECM 

0 

0 

23.2 

68.7 

5.4 

<0.1 

2.7 

ECM/3-TCP 

3.4 

7.1 

30.8 

55.5 

1.7 

1.2 

0.8 

sparsely  distributed  on  the  scaffold,  while  it  was  homogenously 
dispersed  on  the  ECM/(3-TCP  scaffold  at  a  high-density.  These 
immunofluorescence  results  demonstrate  that  HUVEC-derived 
ECM-containing  (3-TCP  scaffolds  increased  deposition  of  osteo¬ 
genic  ECM  in  hMSC. 

3.3.  Osteogenic  induction  of  hMSC  via  MAPK/ERK  pathway 

To  study  whether  ECM  has  an  effect  on  the  osteogenic  differ¬ 
entiation  of  hMSC  through  the  MAPK/ERK  signaling  pathway, 
a  inhibitor  of  the  MAPK/ERK  signaling  pathway,  PD98059,  was  used 
and  its  effects  on  hMSC  differentiation  were  investigated  by 
measuring  ALP  activity,  osteogenic  gene  expression,  and  phos- 
phorylated  ERK1/2  levels.  ALP  activity  measurements  indicated 
that  the  inhibitor  did  not  significantly  inhibit  the  ALP  activity  of 
hMSC  when  seeded  on  (3-TCP  only  scaffolds,  whereas  ALP  activity 
level  of  hMSC  when  seeded  on  ECM/(3-TCP  scaffolds  was  (Fig.  9). 
Gene  expression  results  indicate  that  PD98059  inhibitor  signifi¬ 
cantly  reduced  the  expression  level  of  genes  runx2,  alp ,  and  opn 
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Fig.  8.  Confocal  microscope  images  of  osteocalcin  in  hMSC  cultured  on  P-TCP  and  ECM/P-TCP  scaffolds  for  14  and  21  days.  Red:  Alexa  Fluor®  594  goat  anti-mouse;  Blue:  DAPI.  [For 
interpretation  of  color  in  this  figure  legend,  the  reader  is  referred  to  web  version  of  the  article.] 
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when  hMSC  were  seeded  on  ECM/(3-TCP  scaffold  at  7  and  14  days, 
while  it  did  not  inhibit  the  gene  expression  of  hMSC  on  (3-TCP 
scaffolds  (Fig.  10  for  runx2,  alp,  opn ).  In  addition,  Western  blot 
analysis  indicated  that  PD98059  inhibited  the  expression  of  phos- 
phorylated  protein  ERK1/2  24  h  after  treatment  (Fig.  11).  Together, 
these  results  suggest  that  ECM  increased  osteogenic  differentiation 
in  hMSC  via  MAPK/ERK  signaling. 

4.  Discussion 

A  microenvironment  with  appropriate  spatial  and  temporal 
signals  will  promote  tissue  regeneration.  Porous  (3-TCP  ceramic 
scaffolds  have  been  developed  to  provide  structural  support  in 
bone  regeneration;  however,  these  scaffolds  lack  bioactive 
components  on  the  surface.  ECM  can  serve  as  a  source  of  growth 
factors,  cytokines,  chemokines  and  other  biological  signals, 
providing  bioactive  cues  for  cell  proliferation  and  differentiation.  As 
such,  deposition  of  cell-derived  ECM  on  a  3D  porous  (3-TCP  ceramic 
scaffold  potentially  creates  a  biomimetic  microenvironment  that 
promotes  cellular  development  by  combining  biological  cues  and 
structural  support. 

In  our  previous  study,  we  produced  hMSC-derived  ECM 
deposited  on  CaP  scaffolds  [27].  In  this  study,  we  grew  HUVEC  on 
3D  porous  (3-TCP  ceramic  scaffolds  and  then  decellularized  the 
construct  to  generate  HUVEC-derived  ECM.  This  was  followed  by 
characterization  using  SEM,  FTIR,  XPS  and  immunochemistry.  The 
results  demonstrated  the  presence  of  ECM  components  on  the 
surface  of  CaP  scaffolds.  It  has  been  reported  that  endothelial 
derived  ECM  is  enriched  in  proteoglycans  laminin,  collagen  IV,  and 
fibronectin.  Fibronectin,  collagen  IV  and  laminin  are  thought  to  be 
important  ECM  protein  components  for  cell  adhesion,  proliferation 
and  differentiation  [15,31,32,40-42].  We  further  used  these 
proteins  as  biomarkers  for  the  presence  of  ECM.  Our  immunoflu- 
orescent  staining  experiments  have  shown  the  presence  of  collagen 
IV,  fibronectin,  and  laminin  on  the  (3-TCP  scaffolds. 

After  the  characterization  of  ECM  on  the  ceramic  scaffold,  we 
evaluated  whether  this  HUVEC-derived  ECM  microenvironment  of 
ECM/(3-TCP  composite  scaffold  can  promote  the  osteogenic  differ¬ 
entiation  of  hMSC  in  vitro.  We  seeded  hMSC  on  the  ECM/(3-TCP  and 
(3-TCP  only  scaffolds.  dsDNA  content  and  ALP  activity  were 
measured  to  determine  the  extent  of  cell  proliferation  and  differ¬ 
entiation  while  the  expression  of  osteogenic  genes  was  determined 
using  real-time  PCR.  Our  study  did  not  demonstrate  a  significant 
difference  between  the  ECM/(3-TCP  and  (3-TCP  scaffold  groups  in 
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Fig.  9.  ALP  activity  of  the  hMSC  on  (3-TCP  and  ECM/(3-TCP  scaffolds  before  and  after  the 
addition  of  inhibitor  PD98059. 


dsDNA  content,  which  provides  an  indirect  measure  of  cell  prolif¬ 
eration.  Therefore,  the  presence  of  ECM  on  the  scaffold  did  not 
significantly  promote  cell  proliferation  compared  to  the  plain 
scaffold  condition  with  incubation  time.  This  may  be  because  we 
used  osteogenic  medium,  which  promotes  cells  to  differentiate  but 
not  to  proliferate. 

Our  results  do  suggest  that  ECM  plays  a  significant  role  in  cell 
differentiation.  ALP  activity  expression  levels  in  ECM/J3-TCP  scaf¬ 
folds  were  significantly  higher  than  those  in  (3-TCP  only  scaffolds. 
Bone-related  genes  were  up-regulated  in  ECM/(3-TCP  groups 
compared  to  (3-TCP  only  groups.  The  immunofluorescent  staining 
for  osteocalcin,  a  component  of  bone  matrix,  was  shown  to  occur  at 
a  higher  density  within  ECM/(3-TCP  scaffolds  relative  to  (3-TCP  only 
scaffolds.  These  results  imply  that  HUVEC-derived  ECM  promotes 
early  osteogenic  differentiation  of  hMSC  in  vitro.  This  may  be 
attributable  to  collagen,  fibronectin  and  laminin  proteins  in 
HUVEC-derived  ECM,  which  have  previously  been  reported  to 
stimulate  osteogenic  differentiation  [12,13,15].  However,  Kaigler 
et  al.  reported  that  ECM  derived  from  human  dermal  microvascular 
endothelial  cells  did  not  have  any  effect  on  hMSC’s  osteogenic 
differentiation.  In  their  experiments,  they  removed  endothelial 
cells  using  urea  from  culture  plates  and  immediately  seeded  hMSC 
on  the  remaining  ECM  [43].  Villars  et  al.  also  reported  that  HUVEC- 
derived  ECM  had  no  effect  on  the  ALP  activity  of  hMSC  [44].  They 
used  glycerol  solution  to  remove  cell  materials  and  scraped  ECM  for 
dialysis,  and  then  dialyzed  ECM  solution  was  homogenously  coated 
for  seeding  hMSC.  Our  method  is  distinct  in  that  we  seeded  HUVEC 
on  scaffolds  and  decellularized  the  constructs  using  0.5%  Triton 
solution  to  remove  cells  and  deposit  ECM  on  the  scaffolds.  Our 
finding  that  HUVEC-derived  ECM  significantly  promoted  the  oste¬ 
ogenic  differentiation  of  hMSC  is  distinct  from  previous  studies  and 
this  difference  may  be  a  result  of  the  unique  combination  of  ECM 
architecture  and  CaP  scaffolds  in  a  3D  spatial  structure. 

The  early  differentiation  of  hMSC  may  be  mediated  by  the 
activation  of  the  MAPK/ERK  osteogenic  signal  pathway 

[12.15.45.46] .  HUVEC-derived  ECM  deposited  on  the  surface  of 
a  scaffold  provides  new  bioactive  components,  which  may  activate 
ERK1/2  expression  through  the  MAPK/ERK  signaling  pathway 
mediated  by  integrins  on  the  cell  membrane  of  hMSC.  To  determine 
if  the  ECM  activates  the  osteogenic  differentiation  of  hMSC  through 
the  MAPK/ERK  signaling  pathway,  we  used  the  inhibitor  PD98059 
to  block  this  MAPK/ERK  signaling  pathway.  ALP  activity  and  gene 
expression  results  showed  that  ALP  activity  was  significantly 
inhibited  and  the  osteogenic  genes  were  significantly  down- 
regulated  in  ECM/J3-TCP  group  after  PD98059  treatment.  This 
inhibition  did  not  occur  in  (3-TCP  group.  Similarly,  protein  expres¬ 
sion  from  Western  blotting  also  showed  that  the  phosphorylated 
ERK1/2  level  in  ECM/J3-TCP  group  was  significantly  inhibited  while 
protein  expression  in  the  (3-TCP  group  was  not.  These  results 
implicate  the  MAPK/ERK  signaling  pathway  in  activating  hMSC 
osteogenic  differentiation.  ECM  components  activated  this 
signaling  pathway  via  intergrins  on  the  hMSC  membrane,  thus 
down-streaming  the  osteogenic  differentiation  pathway  of  hMSC 

[15.45.46] .  This  implies  that  ECM  provides  important  biological 
cues  for  the  differentiation  of  hMSC. 

This  study  reinforces  our  understanding  of  cell— matrix  inter¬ 
action  in  ceramic  scaffold-based  tissue  regeneration  techniques.  A 
biomimetic  microenvironment  provides  bioactive  cues,  regulating 
the  osteogenic  behaviors  of  hMSC.  Therefore,  through  the  in  vitro 
generation  of  a  cell-derived  ECM,  the  cellular  function  of  a  ceramic 
scaffold  can  be  improved  without  any  additional  chemical  modifi¬ 
cation  or  growth  factor  binding.  This  technique  could  also  be  used 
to  enhance  other  tissue  regeneration  scaffolds.  We  believe  that  the 
clinical  impact  of  this  technique  could  be  significant,  as  the  treat¬ 
ment  of  significant  bone  defects  remains  and  unsolved  problem  in 
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expression  levels  were  inhibited  by  the  addition  of  PD98059.  Significant  difference  between  the  two  groups  are  shown  as  *  and  **  (*p  <  0.05,  **p  <  0.01). 


modern  medicine.  Our  ECM-modified  scaffold  can  be  tailored  to 
defects  of  various  shapes  and  sizes,  is  easily  handled  and  stored  in 
a  clinical  setting,  and  avoids  the  potential  risk  of  infectious  disease. 

It  is  worth  noting  that  in  our  previous  experiments,  we  seeded 
hMSC  onto  3D  porous  P-TCP  scaffold  and  generated  hMSC-derived 
ECM-containing  porous  p-TCP  scaffolds  [27].  In  these  studies,  we 
did  not  observe  enhancement  of  early  osteogenic  differentiation  of 
hMSC  by  the  hMSC-derived  ECM.  The  difference  is  that  we  used  an 
osteogenic  medium  for  the  first  time  in  our  current  study  and  this 


combination  of  HUVEC-derived  ECM  and  osteogenic  medium  may 
promote  early  osteogenic  differentiation  of  hMSC.  In  the  future,  we 
will  need  to  determine  if  the  HUVEC-derived  ECM  alone  will 
promote  early  osteogenic  differentiation  of  hMSC  in  non- 
osteogenic  medium  and  if  the  HUVEC-derived  ECM  will  better 
promote  early  osteogenic  differentiation  of  hMSC  as  compared  to 
hMSC-derived  ECM  in  osteogenic  medium.  Additional  research  is 
also  indicated  to  investigate  the  in  vivo  behaviors  of  this  ECM/ 
scaffold. 


ERK1/2  (44/42kDa) 


phospho-ERK1/2 

(44/42kDa) 

P-Actin  (45kDa) 


Fig.  11.  Protein  expression  levels  of  phosphorylated  ERK1/2  and  total  ERK1/2  were 
evaluated  by  Western  blotting.  Blocking  MAPK/ERK  signaling  inhibits  the  osteogenic 
differentiation  of  hMSC  on  ECM/P-TCP  scaffolds.  Cell  lysates  were  generated  after  24  h. 
The  concentration  of  total  protein  was  assayed  by  BCA  assay. 


5.  Conclusion 

We  fabricated  an  HUVEC-derived  ECM-containing  inter¬ 
connected  porous  biodegradable  P-TCP  scaffold.  hMSC  seeded  on 
this  HUEVC  ECM-deposited  P-TCP  scaffold  showed  increased  oste¬ 
ogenic  differentiation  due  to  the  activation  of  MAPK/ERK  signal 
pathway.  This  porous  p-TCP  with  cell-derived  ECM  provides 
a  promising  platform  not  only  for  providing  mechanical  support  in 
a  porous  structure,  but  also  for  mimicing  the  native  cellular 
microenvironment  with  biological  cues  to  promote  stem  cell 
differentiation. 

Acknowledgments 

This  work  was  supported  by  grants  from  the  following  agencies: 
NIH  R01AR057837  (NIAMS),  NIH  R01DE021468  (NIDCR),  DOD 
W81XWH-10-1-0966  (PRORP),  W81XWH-10-200-10  (Airlift 
Research  Foundation),  W81XWH-11-2-0168-P4  (Alliance  of  Nano- 
Health)  and  Wallace  H.  Coulter  Foundation. 


Y.  Kang  et  al.  /  Biomaterials  33  (2012)  6998-7007 


7007 


References 

[1  ]  Badylak  SF,  Freytes  DO,  Gilbert  TW.  Extracellular  matrix  as  a  biological  scaffold 
material:  structure  and  function.  Acta  Biomater  2009;5:1-13. 

[2]  Kleinman  HK,  Luckenbill-Edds  L,  Cannon  FW,  Sephel  GC.  Use  of  extracellular 
matrix  components  for  cell  culture.  Anal  Biochem  1987;166:1-13. 

[3]  Reilly  GC,  Engler  AJ.  Intrinsic  extracellular  matrix  properties  regulate  stem  cell 
differentiation.  J  Biomech  2010;43:55-62. 

[4]  Flynn  LE,  Prestwich  GD,  Semple  JL,  Woodhouse  KA.  Proliferation  and  differ¬ 
entiation  of  adipose-derived  stem  cells  on  naturally  derived  scaffolds. 
Biomaterials  2008;29:1862-71. 

[5]  Bhrany  AD,  Beckstead  BL,  Lang  TC,  Farwell  DG,  Giachelli  CM,  Ratner  BD. 
Development  of  an  esophagus  acellular  matrix  tissue  scaffold.  Tissue  Eng 
2006;12:319-30. 

[6]  Crapo  PM,  Gilbert  TW,  Badylak  SF.  An  overview  of  tissue  and  whole  organ 
decellularization  processes.  Biomaterials  2011;32:3233-43. 

[7]  Badylak  S,  Liang  A,  Record  R,  Tullius  R,  Hodde  J.  Endothelial  cell  adherence  to  small 
intestinal  submucosa:  an  acellular  bioscaffold.  Biomaterials  1999;20:2257-63. 

[8]  Li  WJ,  Tuli  R,  Huang  X,  Laquerriere  P,  Tuan  RS.  Multilineage  differentiation  of 
human  mesenchymal  stem  cells  in  a  three-dimensional  nanofibrous  scaffold. 
Biomaterials  2005;26:5158-66. 

[9]  Mauney  JR,  Kirker-Head  C,  Abrahamson  L,  Gronowicz  G,  Volloch  V,  Kaplan  DL. 
Matrix-mediated  retention  of  in  vitro  osteogenic  differentiation  potential  and 
in  vivo  bone-forming  capacity  by  human  adult  bone  marrow-derived 
mesenchymal  stem  cells  during  ex  vivo  expansion.  J  Biomed  Mater  Res  A 
2006;79:464-75. 

[10]  Mistry  AS,  Mikos  AG.  Tissue  engineering  strategies  for  bone  regeneration.  Adv 
Biochem  Eng  Biotechnol  2005;94:1-22. 

[11]  Khademhosseini  A,  Vacanti  JP,  Langer  R.  Progress  in  tissue  engineering.  Sci  Am 
2009;300:64-71. 

[12]  Kundu  AK,  Khatiwala  CB,  Putnam  AJ.  Extracellular  matrix  remodeling,  integrin 
expression,  and  downstream  signaling  pathways  influence  the  osteogenic 
differentiation  of  mesenchymal  stem  cells  on  poly(lactide-co-glycolide) 
substrates.  Tissue  Eng  Part  A  2009;15:273-83. 

[13]  Kundu  AK,  Putnam  AJ.  Vitronectin  and  collagen  I  differentially  regulate 
osteogenesis  in  mesenchymal  stem  cells.  Biochem  Biophys  Res  Commun 
2006;347:347-57. 

[14]  Ku  Y,  Chung  C-P,  Jang  J-H.  The  effect  of  the  surface  modification  of  titanium 
using  a  recombinant  fragment  of  fibronectin  and  vitronectin  on  cell  behavior. 
Biomaterials  2005;26:5153-7. 

[15]  Klees  RF,  Salasznyk  RM,  Kingsley  K,  Williams  WA,  Boskey  A,  Plopper  GE. 
Laminin-5  induces  osteogenic  gene  expression  in  human  mesenchymal  stem 
cells  through  an  ERK-dependent  pathway.  Mol  Biol  Cell  2005;16:881-90. 

[16]  Hoshiba  T,  Lu  H,  Kawazoe  N,  Chen  G.  Decellularized  matrices  for  tissue 
engineering.  Expert  Opin  Biol  Ther  2010;10:1717-28. 

[17]  Cheng  HW,  Tsui  YK,  Cheung  KM,  Chan  D,  Chan  BP.  Decellularization  of 
chondrocyte-encapsulated  collagen  microspheres:  a  three-dimensional  model 
to  study  the  effects  of  acellular  matrix  on  stem  cell  fate.  Tissue  Eng  Part  C 
Methods  2009;15:697-706. 

[18]  Choi  KH,  Choi  BH,  Park  SR,  Kim  BJ,  Min  BH.  The  chondrogenic  differentiation 
of  mesenchymal  stem  cells  on  an  extracellular  matrix  scaffold  derived  from 
porcine  chondrocytes.  Biomaterials  2010;31:5355-65. 

[19]  Liao  J,  Guo  X,  Grande-Alien  KJ,  Kasper  FK,  Mikos  AG.  Bioactive  polymer/ 
extracellular  matrix  scaffolds  fabricated  with  a  flow  perfusion  bioreactor  for 
cartilage  tissue  engineering.  Biomaterials  2010;31:8911-20. 

[20]  Wolchok  JC,  Tresco  PA.  The  isolation  of  cell  derived  extracellular  matrix 
constructs  using  sacrificial  open-cell  foams.  Biomaterials  2010;31:9595-603. 

[21]  Silva  EA,  Mooney  DJ.  Synthetic  extracellular  matrices  for  tissue  engineering 
and  regeneration.  In:  Current  topics  in  developmental  biology.  Academic 
Press;  2004.  p.  181-205. 

[22]  Pham  QP,  Kasper  FK,  Scott  Baggett  L,  Raphael  RM,  Jansen  JA,  Mikos  AG.  The 
influence  of  an  in  vitro  generated  bone-like  extracellular  matrix  on  osteoblastic 
gene  expression  of  marrow  stromal  cells.  Biomaterials  2008;29:2729-39. 

[23]  Datta  N,  Holtorf  HL,  Sikavitsas  VI,  Jansen  JA,  Mikos  AG.  Effect  of  bone  extra¬ 
cellular  matrix  synthesized  in  vitro  on  the  osteoblastic  differentiation  of 
marrow  stromal  cells.  Biomaterials  2005;26:971-7. 

[24]  Datta  N,  Pham  QP,  Sharma  U,  Sikavitsas  VI,  Jansen  JA,  Mikos  AG.  In  vitro 
generated  extracellular  matrix  and  fluid  shear  stress  synergistically  enhance 
3D  osteoblastic  differentiation.  Proc  Natl  Acad  Sci  U  S  A  2006;103:2488-93. 

[25]  Thibault  RA,  Scott  Baggett  L,  Mikos  AG,  Kasper  FK.  Osteogenic  differentiation 
of  mesenchymal  stem  cells  on  pregenerated  extracellular  matrix  scaffolds  in 


the  absence  of  osteogenic  cell  culture  supplements.  Tissue  Eng  Part  A  2010; 
16:431-40. 

[26]  Chen  XD,  Dusevich  V,  Feng  JQ,  Manolagas  SC,  Jilka  RL.  Extracellular  matrix 
made  by  bone  marrow  cells  facilitates  expansion  of  marrow-derived 
mesenchymal  progenitor  cells  and  prevents  their  differentiation  into  osteo¬ 
blasts.  J  Bone  Miner  Res  2007;22:1943-56. 

[27]  Kang  Y,  Kim  S,  Khademhosseini  A,  Yang  Y.  Creation  of  bony  microenviron¬ 
ment  with  CaP  and  cell-derived  ECM  to  enhance  human  bone-marrow  MSC 
behavior  and  delivery  of  BMP-2.  Biomaterials  2011;32:6119-30. 

[28]  Liu  Y,  Kim  JH,  Young  D,  Kim  S,  Nishimoto  SK,  Yang  Y.  Novel  template-casting 
technique  for  fabricating  beta-tricalcium  phosphate  scaffolds  with  high 
interconnectivity  and  mechanical  strength  and  in  vitro  cell  responses. 
J  Biomed  Mater  Res  A  2010;92:997-1006. 

[29]  Kang  Y,  Scully  A,  Young  DA,  Kim  S,  Tsao  H,  Sen  M,  et  al.  Enhanced  mechanical 
performance  and  biological  evaluation  of  a  PLGA  coated  beta-TCP  composite 
scaffold  for  load-bearing  applications.  Eur  Polym  J  2011;47:1569-77. 

[30]  Melero-Martin  JM,  De  Obaldia  ME,  Kang  SY,  Khan  ZA,  Yuan  L,  Oettgen  P,  et  al. 
Engineering  robust  and  functional  vascular  networks  in  vivo  with  human 
adult  and  cord  blood-derived  progenitor  cells.  Circ  Res  2008;103:194-202. 

[31]  Matsubara  T,  Tsutsumi  S,  Pan  H,  Hiraoka  H,  Oda  R,  Nishimura  M,  et  al.  A  new 
technique  to  expand  human  mesenchymal  stem  cells  using  basement 
membrane  extracellular  matrix.  Biochem  Biophys  Res  Commun  2004;313: 
503-8. 

[32]  Xue  X,  Wang  J,  Zhu  Y,  Tu  Q,  Huang  N.  Biocompatibility  of  pure  titanium 
modified  by  human  endothelial  cell-derived  extracellular  matrix.  Appl  Surf  Sci 
2010;256:3866-73. 

[33]  Yim  EK,  Wan  AC,  Le  Visage  C,  Liao  IC,  Leong  KW.  Proliferation  and  differen¬ 
tiation  of  human  mesenchymal  stem  cell  encapsulated  in  polyelectrolyte 
complexation  fibrous  scaffold.  Biomaterials  2006;27:6111-22. 

[34]  Anderson  JM,  Vines  JB,  Patterson  JL,  Chen  H,  Javed  A,  Jun  HW.  Osteogenic 
differentiation  of  human  mesenchymal  stem  cells  synergistically  enhanced  by 
biomimetic  peptide  amphiphiles  combined  with  conditioned  medium.  Acta 
Biomater  2011;7:675-82. 

[35]  Hofmann  A,  Ritz  U,  Verrier  S,  Eglin  D,  Alini  M,  Fuchs  S,  et  al.  The  effect  of 
human  osteoblasts  on  proliferation  and  neo-vessel  formation  of  human 
umbilical  vein  endothelial  cells  in  a  long-term  3D  co-culture  on  polyurethane 
scaffolds.  Biomaterials  2008;29:4217-26. 

[36]  Livak  KJ,  Schmittgen  TD.  Analysis  of  relative  gene  expression  data  using  real¬ 
time  quantitative  PCR  and  the  2-[Delta][Delta]CT  method.  Methods  2001  ;25: 
402-8. 

[37]  Coelho  PG,  Coimbra  ME,  Ribeiro  C,  Fancio  E,  Higa  O,  Suzuki  M,  et  al.  Physico/ 
chemical  characterization  and  preliminary  human  histology  assessment  of 
a  [beta]-TCP  particulate  material  for  bone  augmentation.  Mater  Sci  Eng  C 
2009;29:2085-91. 

[38]  Yang  MC,  Wang  SS,  Chou  NK,  Chi  NH,  Huang  YY,  Chang  YL,  et  al.  The  car- 
diomyogenic  differentiation  of  rat  mesenchymal  stem  cells  on  silk  fibroin- 
polysaccharide  cardiac  patches  in  vitro.  Biomaterials  2009;30:3757-65. 

[39]  Wen  F,  Chang  S,  Toh  YC,  Teoh  SH,  Yu  H.  Development  of  poly  (lactic-co-gly- 
colic  acid)-collagen  scaffolds  for  tissue  engineering.  Mater  Sci  Eng  C  2007 ;27: 
285-92. 

[40]  Kleinman  HK,  Philp  D,  Hoffman  MP.  Role  of  the  extracellular  matrix  in 
morphogenesis.  Curr  Opin  Biotech  2003;14:526-32. 

[41  ]  Cagliero  E,  Roth  T,  Roy  S,  Lorenzi  M.  Characteristics  and  mechanisms  of  high- 
glucose-induced  overexpression  of  basement  membrane  components  in 
cultured  human  endothelial  cells.  Diabetes  1991;40:102-10. 

[42]  Beltramo  E,  Pomero  F,  Allione  A,  D’Alu  F,  Ponte  E,  Porta  M.  Pericyte  adhesion  is 
impaired  on  extracellular  matrix  produced  by  endothelial  cells  in  high  hexose 
concentrations.  Diabetologia  2002;45:416-9. 

[43]  Kaigler  D,  Krebsbach  PH,  West  ER,  Horger  K,  Huang  YC,  Mooney  DJ.  Endo¬ 
thelial  cell  modulation  of  bone  marrow  stromal  cell  osteogenic  potential. 
FASEBJ  2005;19:665-7. 

[44]  Villars  F,  Bordenave  L,  Bareille  R,  Amedee  J.  Effect  of  human  endothelial  cells 
on  human  bone  marrow  stromal  cell  phenotype:  role  ofVEGF?  J  Cell  Biochem 
2000;79:672-85. 

[45]  Xiao  G,  Jiang  D,  Thomas  P,  Benson  MD,  Guan  K,  Karsenty  G,  et  al.  MAPK 
pathways  activate  and  phosphorylate  the  osteoblast-specific  transcription 
factor,  Cbfal.  J  Biol  Chem  2000;275:4453-9. 

[46]  Osyczka  AM,  Leboy  PS.  Bone  morphogenetic  protein  regulation  of  early 
osteoblast  genes  in  human  marrow  stromal  cells  is  mediated  by  extracellular 
signal-regulated  kinase  and  phosphatidylinositol  3-kinase  signaling.  Endo¬ 
crinology  2005;146:3428-37. 


Our  reference:  ACTBIO  2336 


P-authorquery-vl  1 


AUTHOR  QUERY  FORM 


Journal:  ACTBIO 

Please  e-mail  or  fax  your  responses  and  any  corrections  to: 

|!  ■  f® 

E-mail:  corrections.essd@elsevier.sps.co.in 

ELSEVIER 

Article  Number:  2336 

Fax:  +31  2048  52799 

Dear  Author, 

Please  check  your  proof  carefully  and  mark  all  corrections  at  the  appropriate  place  in  the  proof  (e.g.,  by  using  on-screen  annotation  in  the  PDF 
file)  or  compile  them  in  a  separate  list.  Note:  if  you  opt  to  annotate  the  file  with  software  other  than  Adobe  Reader  then  please  also  highlight 
the  appropriate  place  in  the  PDF  file.  To  ensure  fast  publication  of  your  paper  please  return  your  corrections  within  48  hours. 

For  correction  or  revision  of  any  artwork,  please  consult  http://www.elsevier.com/artworkinstructions. 

Any  queries  or  remarks  that  have  arisen  during  the  processing  of  your  manuscript  are  listed  below  and  highlighted  by  flags  in  the  proof.  Click 
on  the  ‘O’  link  to  go  to  the  location  in  the  proof. 


Location  in 
article 


Query  /  Remark:  click  on  the  0  link  to  go 
Please  insert  your  reply  or  correction  at  the  corresponding  line  in  the  proof 


Qi 


Please  confirm  that  given  names  and  surnames  have  been  identified  correctly. 


Q2 


Please  check  what  does  S.l,  S.3a,  S.3b  refer  to? 


Please  check  this  box  if  you  have  no 
corrections  to  make  to  the  PDF  file 


Thank  you  for  your  assistance. 


ARTICLE  IN  PRESS 


ACTBIO  2336 
23  August  2012 


No.  of  Pages  11,  Model  5G 


l 


Acta  Biomaterialia  xxx  (2012)  xxx-xxx 


ELSEVIER 


Contents  lists  available  at  SciVerse  ScienceDirect 

Acta  Biomaterialia 

journal  homepage:  www.elsevier.com/locate/actabiomat 


* 

Acta  BIC  >MAI  LKI  ALIA 


2  Osteogenic  and  angiogenic  potentials  of  monocultured  and  co-cultured 

3  human-bone-marrow-derived  mesenchymal  stem  cells 

4  and  human-umbilical-vein  endothelial  cells  on  three-dimensional  porous 

5  beta-tricalcium  phosphate  scaffold 

6  qi  Yunqing  Kang3,  Sungwoo  Kim3,  Monica  Fahrenholtz/3,  Ali  KhademhosseinL’de,  Yunzhi  Yang3'* 

7  a  Department  of  Orthopedic  Surgery,  Stanford  University,  300  Pasteur  Drive,  Stanford,  CA  94305,  USA 

8  b  Department  of  Bioengineering,  Rice  University,  6100  Main  St.,  Houston,  7X  77030,  USA 

9  c  Center  for  Biomedical  Engineering,  Department  of  Medicine,  Brigham  and  Women’s  Hospital,  Harvard  Medical  School,  Cambridge,  MA  02139,  USA 

10  d  Harvard-MIT  Division  of  Health  Sciences  and  Technology,  Massachusetts  Institute  of  Technology,  Cambridge,  MA  02139,  USA 

11  e  Wyss  Institute  for  Biologically  Inspired  Engineering,  Harvard  University,  Boston,  MA  02115,  USA 


ARTICLE  INFO 

2  i  _ 

1 5  Article  history: 

16  Received  14  April  2012 

17  Received  in  revised  form  23  July  2012 

18  Accepted  8  August  2012 

19  Available  online  xxxx 


20  Keywords: 

21  p-TCP 

22  hBMSCs 

23  HUVECs 

24  Osteogenesis 

25  Angiogenesis 


ABSTRACT 


The  use  of  biodegradable  beta-tricalcium  phosphate  (|3-TCP)  scaffolds  holds  great  promise  for  bone  tissue 
engineering.  However,  the  effects  of  p-TCP  on  bone  and  endothelial  cells  are  not  fully  understood.  This 
study  aimed  to  investigate  cell  proliferation  and  differentiation  of  mono-  or  co-cultured  human-bone- 
marrow-derived  mesenchymal  stem  cells  (hBMSCs)  and  human-umbilical-vein  endothelial  cells 
(HUVECs)  on  a  three-dimensional  porous,  biodegradable  p-TCP  scaffold.  In  co-culture  studies,  the  ratios 
of  hBMSCs: HUVECs  were  5:1,  1:1  and  1:5.  Cellular  morphologies  of  HUVECs,  hBMSCs  and  co-cultured 
HUVECs/hBMSCs  on  the  p-TCP  scaffolds  were  monitored  using  confocal  and  scanning  electron  micros¬ 
copy.  Cell  proliferation  was  monitored  by  measuring  the  amount  of  double-stranded  DNA  (dsDNA) 
whereas  hBMSC  and  HUVEC  differentiation  was  assessed  using  the  osteogenic  and  angiogenic  markers, 
alkaline  phosphatase  (ALP)  and  PECAM-1  (CD31),  respectively.  Results  show  that  HUVECs,  hBMSCs  and 
hBMSCs/HUVECs  adhered  to  and  proliferated  well  on  the  p-TCP  scaffolds.  In  monoculture,  hBMSCs  grew 
faster  than  HUVECs  on  the  p-TCP  scaffolds  after  7  days,  but  HUVECs  reached  similar  levels  of  proliferation 
after  14  days.  In  monoculture,  p-TCP  scaffolds  promoted  ALP  activities  of  both  hBMSCs  and  HUVECs  when 
compared  to  those  grown  on  tissue  culture  well  plates.  ALP  activity  of  cells  in  co-culture  was  higher  than 
that  of  hBMSCs  in  monoculture.  Real-time  polymerase  chain  reaction  results  indicate  that  runx2  and  alp 
gene  expression  in  monocultured  hBMSCs  remained  unchanged  at  days  7  and  14,  but  alp  gene  expression 
was  significantly  increased  in  hBMSC  co-cultures  when  the  contribution  of  individual  cell  types  was  not 
distinguished. 

©  2012  Acta  Materialia  Inc.  Published  by  Elsevier  Ltd.  Ah  rights  reserved. 
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49  1.  Introduction 

50  Tissue  engineering  holds  great  promise  for  regenerating  func- 

51  tional  tissues  and  organs.  One  important  component  of  tissue  engi- 

52  neered  materials  is  the  scaffold,  which  is  an  artificial  extracellular 

53  matrix  (ECM)  that  serves  as  a  temporary  support  structure  and  im- 

54  parts  the  necessary  biophysical,  biomechanical  and  biochemical 

55  cues  required  for  cell  attachment,  proliferation  and  differentiation 

56  to  form  tissue  [  1  ].  In  particular,  it  is  highly  desirable  for  scaffolds  to 

57  possess  an  interconnected  and  open  macroporous  structure  to 

58  facilitate  cellular  in-growth  and  neovascularization  of  regenerated 

59  tissue  in  vivo. 
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Calcium  phosphate  (CaP)  bioceramics  have  been  widely  used  in 
clinical  settings  for  bone  repair  and  reconstruction  [2,3].  Hydroxy¬ 
apatite  (HA)  and  beta-tricalcium  phosphate  (p-TCP)  are  the  most 
popular  bioceramics  due  to  their  close  resemblance  to  natural 
bone,  excellent  biocompatibility  and  biodegradability. 
Bone-marrow-derived  mesenchymal  stem  cells  (BMSCs)  have  been 
used  in  combination  with  CaP  scaffolds  in  bone  tissue  engineering 
[4-7].  Many  studies  involving  the  use  of  BMSC-seeded  bioceramics 
have  shown  promising  results  in  the  context  of  bone  regeneration 
[8-11];  however,  most  of  these  investigations  have  highlighted  the 
osteogenic  potential  of  BMSCs  on  these  CaP  bioceramics. 

Bone  tissue  contains  multiple  cell  types,  including  osteogenic 
cells  and  endothelial  cells.  A  number  of  studies  in  bone  repair 
and  regeneration  have  highlighted  the  intimate  interactions  be¬ 
tween  endothelial  cells  and  osteoprogenitor  cells  [12,13].  Indeed, 
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it  has  been  well  established  that  angiogenesis  is  a  prerequisite  for 
osteogenesis  in  vivo  [14].  For  example,  insufficient  neovasculariza¬ 
tion  of  bone  constructs/tissues  after  scaffold  implantation  resulted 
in  hypoxia  and  cellular  necrosis  [15-19].  Thus,  a  key  factor  in 
repairing  large  bone  defects  is  vascularization  of  the  scaffold. 
Within  this  context,  it  is  important  to  characterize  the  effects  of 
bioceramic  scaffolds  with  regards  to  osteogenic  and  endothelial 
differentiation.  It  has  been  reported  that  co-cultured  human  endo¬ 
thelial  cells  with  human  osteoblast  cells  on  porous  HA,  p-TCP  or 
Ca-deficient  HA  containing  polycaprolactone  supported  the  forma¬ 
tion  of  capillary-like  structures  [20,21].  Zhou  et  al.  pre-vascular- 
ized  p-TCP  scaffold  by  co-seeding  MSCs  and  MSC-derived 
endothelial  cells  (ECs)  and  used  it  to  promote  the  repair  of  segmen¬ 
tal  bone  defects  in  rabbits  [22]. 

In  this  study,  we  investigated  the  effect  of  a  porous,  biodegrad¬ 
able  p-TCP  scaffold  on  the  behavior  of  mono-  or  co-cultured  hu¬ 
man-bone-marrow-derived  mesenchymal  stem  cells  (hBMSCs) 
and  human-umbilical-vein  endothelial  cells  (HUVECs).  We  hypoth¬ 
esize  that  different  cell  ratios  of  hBMSCs  and  HUVECs  may  behave 
differently  on  a  porous,  biodegradable  p-TCP  scaffold.  In  this  exper¬ 
iment,  interconnected  porous  p-TCP  scaffolds  were  prepared  by  a 
template-casting  method  [23-25].  Cell  proliferation  was  moni¬ 
tored  by  measuring  the  amount  of  double-stranded  DNA  (dsDNA), 
whereas  hBMSC  and  HUVEC  differentiation  was  assessed  using  the 
osteogenic  and  angiogenic  markers  alkaline  phosphatase  (ALP)  and 
PECAM-1  (CD31),  respectively. 

2.  Materials  and  methods 

2.1.  Materials 

p-TCP  powder  with  a  specific  surface  area  of  17  m2  g-1  was  pur¬ 
chased  from  Nanocerox,  Inc.  (Ann  Arbor,  Michigan).  Carboxy- 
methyl  cellulose  powder,  paraffin  beads  and  ethyl  alcohol  were 
purchased  from  Fisher  Scientific  (Pittsburgh,  USA). 

Dulbecco’s  modified  Eagle’s  medium  (DMEM),  fetal  bovine  ser¬ 
um  (FBS)  and  L-glutamine,  100  x  antibiotic-antimycotic  solution 
were  purchased  from  Invitrogen  Co.  (Grand  Island,  NY,  CA).  EBM™ 
endothelial  basal  medium  containing  EGM™  endothelial  growth 
medium  and  a  Single  Quots™  kit  were  purchased  from  Lonza, 
Inc.  Alexa  Fluor®  594  goat  anti-mouse  secondary  antibody 
(2  mg  ml-1)  was  purchased  from  Invitrogen  Inc.  An  RNeasy  mini 
kit  for  extracting  RNA  was  purchased  from  QIAGEN  (Valencia,  CA, 
USA). 

2.2.  Preparation  of  p-TCP  scaffolds 

Porous  p-TCP  scaffolds  were  fabricated  using  a  template-casting 
method  as  previously  described  [23-25].  Briefly,  p-TCP  powder, 
carboxymethyl  cellulose  powder,  surfactant  (Surfonal®)  and  dis¬ 
persant  (Darvan®  C)  were  mixed  in  distilled  water  to  form  a  cera¬ 
mic  slurry.  Paraffin  beads  were  packed  into  a  customized  mold  and 
heated  to  induce  partially  melting  and  formation  of  a  template.  The 
p-TCP  ceramic  slurry  was  then  cast  into  the  mold  under  vacuum, 
solidified  and  subsequently  dehydrated  in  a  series  of  ethyl  alcohol 
solutions  (70%,  90%  and  95%).  After  removing  the  dehydrated  green 
body  from  the  mold,  the  green  body  was  dried  in  an  oven  for  2  h, 
and  then  placed  into  an  electric  high  temperature  furnace  and  sin¬ 
tered  at  1250  °C  for  3  h.  The  morphology  of  p-TCP  scaffolds  was 
characterized  by  scanning  electron  microscopy.  The  average  pore 
size  of  scaffold  was  obtained  from  scanning  electron  microscopy 
(SEM)  images  and  at  least  six  pores  were  measured.  The  intercon¬ 
nected  pore  structure  of  scaffold  was  scanned  using  micro-com¬ 
puted  tomography  (micro-CT;  Imtek  Micro  CAT  II,  Knoxville,  TN) 
at  a  resolution  of  80  pm.  Raw  images  were  further  reconstructed 


and  analyzed  by  GE  microView  software  (General  Electric  Co.). 
The  scaffolds  used  in  this  study  were  J-S  mm  in  diameter  and 
5-6  mm  in  height. 

2.3.  Cell  culture  of  hBMSCs  and  HUVECs 

hBMSCs  were  purchased  from  Lonza  Inc.  (Allendale,  NJ)  [26]. 
According  to  the  manufacturer’s  certificate  of  analysis,  the  cells 
are  more  than  90%  positive  for  CD105,  CD166,  CD29  and  CD44, 
and  less  than  10%  positive  for  CD14,  CD34  and  CD45.  The  cells  were 
cultured  in  basal  medium  consisting  of  DMEM,  (Invitrogen,  USA) 
with  10%  FBS,  1% ^-glutamine  (200  mM)  and  1%  jntibiotic-antimy- 
cotic  solution  under  standard  conditions  (5%  C02,  95%  humidity, 
and  37  °C).  Passages  J>-8  were  used  for  all  the  experiments. 

Immortalized  HUVECs  constitutively  expressing  green  fluores¬ 
cent  protein  (GFP)  were  a  generous  gift  from  the  late  Dr.  J.  Folk- 
man,  Children’s  Hospital,  Boston.  HUVECs  were  cultured  in 
endothelial  basal  medium  (EBM-2,  Lonza)  with  endothelial  growth 
supplement  Single  Quots  (EGM-2,  Lonza)  in  a  5%  C02  atmosphere 
at  37  °C. 

A  preliminary  study  was  performed  to  test  the  culture  medium 
for  co-culture  experiments  (Supplementary  Fig.  SI ).  In  this  study, 
the  medium  used  in  all  co-culture  experiments  was  a  1:1  mixture 
of  EBM-2  and  DMEM. 

When  the  cells  reached  ~85-90%  confluence  in  flasks,  they 
were  subcultured  using  0.25%  trypsin-EDTA  (Invitrogen,  USA) 
and  resuspended  in  culture  medium.  Next,  100,000  cells  in 
100  pi  medium  were  gently  seeded  into  the  sterilized  p-TCP  scaf¬ 
folds  and  incubated  at  37  °C  for  1  h  to  allow  cells  to  attach  onto 
the  inner  construct  surface  of  the  scaffold.  New  medium  was  then 
added  for  further  incubation.  The  medium  was  changed  every 
3  days.  To  investigate  the  reciprocal  effect  of  the  two  cell  types 
on  osteogenesis  and  angiogenesis,  three  mixture  ratios  (1:5,  1:1, 
5:1)  of  hBMSCs  and  HUVECs  were  seeded  and  co-cultured  on  the 
scaffolds.  In  mono-  and  co-culture  experiments,  the  seeding  den¬ 
sity  (100,000  cells  per  scaffold)  was  held  constant  regardless  of  cell 
mixture  ratios.  To  indicate  the  cell  distribution  in  the  scaffolds, 
scaffolds  with  seeded  HUVEC-GFP  cells  were  recaptured  using  a 
fluorescent  microscope  (Nikon  2000)  and  shown  in  Supplementary 
Fig.  S2. 

2.4.  Morphologies  of  HUVECs ,  hBMSCs  and  co-cultured  cells 
on  the  f-TCP  scaffolds 

The  morphology  of  HUVECs  on  p-TCP  scaffolds  was  monitored 
using  a  confocal  laser  scanning  microscope  (CLSM;  Olympus 
1X81)  after  1,  3  and  7  days  of  incubation  in  EBM-2  medium.  Mor¬ 
phologies  of  HUVECs,  hBMSCs  and  hBMSC/HUVEC  mixtures  seeded 
on  the  p-TCP  scaffolds  were  also  observed  under  a  scanning  elec¬ 
tron  microscope  (SEM,  FEI  Quanta  400).  HUVECs  and  hBMSCs  in 
monoculture  were  incubated  in  EBM-2  and  DMEM,  respectively, 
and  hBMSC/HUVEC  mixture  cells  (50%:50%)  were  co-cultured  in 
EBM-2: DMEM  mixture  medium  (1:1)  for  3  days.  Following  this, 
scaffolds  were  fixed  with  2.5%  glutaraldehyde  for  2  h,  followed 
by  graded  dehydration  using  a  series  of  ethanol  solutions  (gener¬ 
ally  70%,  80%,  90%  and  100%).  Samples  were  then  dried  in  a  hood 
and  ^sputtered  with  gold  before  observation  under  an  SEM  (FEI 
Quanta  400)  at  20  kV. 

2.5.  Visualization  of  F-actin 

F-actin  was  stained  by  rhodamine  phalloidin  to  assess  cytoskel- 
etal  organization  on  the  p-TCP  scaffold.  After  7  days  of  incubation 
in  the  same  medium  as  used  in  the  experiments  for  SEM,  cells/scaf¬ 
folds  were  rinsed  twice  using  phosphate  buffered  saline  (PBS)  and 
then  fixed  by  4%  paraformaldehyde  solution  (PFA)  for  15  min  at 
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195  room  temperature.  The  fixed  cells  were  further  permeabilized  in 

196  0.5%  Triton  X-100  and  incubated  in  100  nM  rhodamine  phalloidin 

197  working  solution  (Cytoskeleton  Inc.,  USA)  at  room  temperature 

198  for  2  h.  After  a  brief  rinse  with  PBS,  DAPI  solution  (5pgml_1) 

199  was  added  to  counterstain  cell  nuclei.  After  a  thorough  washing 

200  with  PBS,  cells  on  scaffolds  were  visualized  with  a  CLSM. 

201  2.6.  Immunofluorescent  staining  of  PECAM- 1 

202  Platelet-endothelial  cell  adhesion  molecule  (PECAM-1 ,  or  CD3 1 ) 

203  is  an  endothelial-specific  adhesion  protein  and  a  specific  marker  of 

204  HUVECs.  It  was  assessed  by  immunefluorescent  staining.  The  effect 

205  of  p-TCP  scaffolds  on  PECAM-1  expression  of  HUVECs  in  monocul- 

206  ture  or  co-culture  with  hBMSCs  in  various  ratios  (1:5,  1:1,  5:1) 

207  were  investigated  at  7  and  14  days.  They  were  cultured  in  a  1:1 

208  mixture  of  EBM-2  and  DMEM,  and  then  rinsed  twice  with  PBS 

209  and  fixed  in  a  solution  of  4%  PFA  for  15  min  at  room  temperature. 

210  After  washing  three  times  in  PBS,  the  fixed  cells/scaffolds  were 

211  placed  in  3%  bovine  serum  albumin  (BSA)/PBS  blocking  buffer  for 

212  1  h,  and  then  were  incubated  with  mouse  anti-human  CD31  pri- 

213  mary  antibody  (1:3000,  Cell  Signaling  Technology)  in  1%  BSA/PBS 

214  overnight  at  4  °C.  The  cells/scaffolds  were  then  washed  three  times 

215  using  PBS,  and  incubated  in  an  anti-mouse  secondary  antibody 

216  Alexa  Fluor®594  (1:1000;  2  pgml-1,  Invitrogen)  for  1  h  at  room 

217  temperature.  After  a  brief  rinse  using  PBS,  the  cell  nuclei  were 

218  counterstained  with  DAPI  solution  (5  pg  ml-1)  for  1  min.  The  scaf- 

219  fold  samples  were  then  extensively  washed  with  PBS,  and  visual- 

220  ized  with  a  CLSM. 

221  2.7.  Osteogenic  differentiation  assay  of  hBMSCs 

222  The  effect  of  p-TCP  scaffolds  on  the  early  osteogenic  differenti- 

223  ation  of  hBMSCs  in  monoculture  and  co-culture  was  assessed 

224  through  ALP  specific  activity.  hBMSCs  were  co-cultured  with  vari- 

225  ous  ratios  of  HUVECs  (5:1, 1:1, 1:5)  on  the  scaffolds.  Monocultured 

226  hBMSCs  and  HUVECs  were  used  as  controls.  The  medium  used  in 

227  these  co-culture  experiments  was  a  1:1  mixture  of  EBM-2  and 

228  Q2  DMEM,  as  determined  in  our  preliminary  study  (S.l). 

229  At  the  end  of  each  time  point,  cells/scaffolds  were  washed  twice 

230  with  PBS  and  preserved  at  -80  °C.  Cells/scaffolds  experiencing 

231  three  freeze/thaw  cycles  in  -80  °C/37  °C,  were  then  lysed  in 

232  500  pi  of  0.2%  Triton  X-100  irt  PBS,  and  finally  homogenized  by 

233  sonication  for  30  s  on  ice.  The  ALP  activity  was  assayed  using  a  col- 

234  orimetric  p-NPP  method  [23,24].  The  absorbance  was  measured  on 

235  a  microplate  reader  (TECAN)  at  405  nm  after  30  min  incubation  at 

236  37  °C.  ALP  specific  activity  levels  were  quantified  with  a  standard 

237  curve  and  normalized  to  the  amount  of  total  cellular  dsDNA  from 

238  the  same  sample.  dsDNA  content  was  determined  using  a  Pico 

239  Green  assay  (Molecular  Probe,  Invitrogen).  A  50  pi  volume  of  work- 

240  ing  reagent  was  added  to  the  50  pi  cell  lysate  of  the  sample.  The 

241  sample  was  read  at  485/528  nm  (excitation/emission)  on  a  fluores- 

242  cence  spectrophotometer  (Biotek,  Flx800,  USA).  The  amount  of 

243  dsDNA  was  calculated  by  comparing  the  standard  curves  of  the 

244  known  dsDNA  sample  according  to  the  manufacturer’s  instruction. 

245  2.8.  Quantitative  real-time  polymerase  chain  reaction  (PCR) 

246  Total  RNA  of  cells  was  extracted  from  the  monocultured  and  co- 

247  cultured  cells  after  incubation  of  7  and  14  days  using  an  RN  easy 

248  mini  Kit  (QIAGEN)  following  the  manufacturer’s  protocol.  RNA  con- 

249  centration  was  determined  on  an  Eppendorf  Biophotometer.  To  re- 

250  verse-transcribe  RNA  of  the  samples  into  cDNA,  an  iScript  cDNA 

251  synthesis  kit  (BIO-RAD)  was  used  according  to  the  manufacturer’s 

252  protocols.  Using  cDNA  product  template,  specific  primers  and  iQ- 

253  SYBR  Green  supermix  (BIO-RAD),  real-time  PCR  was  performed 

254  on  an  ABI  7900HT  Sequence  Detection  system  (ABI,  Foster  city, 


Table  1 

Sequences  of  primers  used  for  real-time  PCR  analysis. 


Genes 

Sequences 

GAPDH 

For:  S'-AACAGCGACACCCACTCCTC 

Rev:  S'-CATACCAGGAAATGAGCTTGACAA 

runx-2 

For:  5 '  -  AG  AT  GAT  G  AC  ACT  GCC  ACCT  CT  G 

Rev:  S'-GGGATGAAATGCTTGGGAACT 

alp 

For:  5'  -  AC  ATTCCC  ACGT  CTT  C  AC  ATTT 

Rev:  5' -AGACATT CT CTCGTTCACCGCC 

opn 

For:  5' -ATG AGATT GGCAGT GATT 

Rev:  S'-TTCAATCAGAAACTGGAA 

oc 

For:  S'-TGTGAGCTCAATCCGGACTGT 

Rev:  S'-CCGATAGGCCTCCTGAAGC 

bsp 

For:  S'-ATGGCCTGTGCTTTCTCAATG 

Rev:  S'-GGATAAAAGTAGGCATGCTTG 

bmp-2 

For^'-GCCCTTTTCCTCTGGCTAT 

Rev:  5'  -TT  GACC  AACGT  CT  G  AAC  AAT  G  G 

cd31 

For:  S'-GAGTCCTGCTGACCCTTCTG 

Rev:  S'-CACTCCTTCCACCAACACCT 

USA).  The  total  reaction  volume  was  10  pi.  Primer  sequences  are  255 
shown  in  Table  1,  including  runt-related  transcription  factor  2  256 
(runx2),  alkaline  phosphatase  (a/p),  osteopontin  (opn),  osteocalcin  257 
(oc),  bone  sialoprotein  (bsp),  bone  morphogenetic  protein-2  258 
(bmp-2),  cd31  and  glyceraldehyde  3-phosphate  dehydrogenase  259 
(GAPDH).  These  primers  were  purchased  from  Invitrogen  Co.  and  260 
used  to  evaluate  gene  expression  [27-29].  The  relative  expression  261 
levels  of  genes  were  analyzed  using  the  2_AACt  method  [30]  by  262 
normalizing  with  the  housekeeping  gene  GAPDH  as  an  endogenous  263 
control  and  calibrating  with  efficiency,  where  AACt  is  calculated  264 

from  (Ct,  target^  Q;  control )target  gene^  (Q;  target^  Ct,  control  )gAPDH*  265 

2.9.  Statistical  analysis  266 

All  the  groups  in  the  experiments  were  performed  in  triplicate,  267 

and  the  statistical  significance  was  analyzed  by  Student’s  t- test.  If  268 

the  p-values  obtained  from  the  t- test  were  less  than  0.05,  the  dif-  269 

ference  was  considered  to  be  significant.  270 

3.  Results  271 

3.1.  Porous  morphologies  of  the  f-TCP  scaffold  272 

Representative  morphology  of  a  p-TCP  scaffold  is  shown  in  273 
Fig.  1.  The  porous  structure  and  interconnected  pores  of  a  p-TCP  274 
scaffold  is  shown  in  Fig.  1 A  at  a  lower  magnification.  The  pores  size  275 
of  the  scaffold  is  in  the  range  of  350-500  pm  and  the  average  pore  276 

size  measured  from  SEM  images ts  ~396  ±  49  pm.  Fig.  IB  indicates  277 

a  local  strut  of  the  scaffold  at  a  higher  magnification.  The  strut  sur-  278 

face  appears  dense  and  consists  of  microscale  grains.  Fig.  1C-E  279 

shows  the  representative  three-dimensional  (3-D)  and  two-dimen-  280 

sional  (2-D)  reconstructed  micro-CT  images.  The  interconnected  281 

pores  are  observed  across  the  scaffold  in  Fig.  1C-E.  282 

3.2.  Cell  morphologies  on  the  f-TCP  scaffold  283 

Morphologies  of  GFP-tagged  HUVECs  on  the  p-TCP  scaffold  284 

were  observed  with  a  CLSM.  Fig.  2  shows  cell  morphology  changes  285 

on  a  p-TCP  scaffold  over  time.  Fluorescent  images  in  Fig.  2A  show  286 

that  HUVECs  adhered  and  spread  well  on  the  surface  of  struts  287 

and  inner  pores  of  the  scaffold  at  day  1,  and  cells  exhibited  a  cob-  288 

blestone-like  morphology.  HUVECs  proliferated  well  on  the  scaf-  289 
fold  with  increasing  culture  time.  At  day  3,  HUVECs  covered  the  290 
majority  of  the  strut  surface  (Fig.  2B)  and  a  dense  endothelial  layer  291 
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Fig.  1.  SEM  morphologies  of  the  [3-TCP  scaffold  with  different  magnifications:  (A)  interconnected  pores  at  low  magnification  (50x),  and  (B)  the  local  strut  surface  at  high 
magnification  of  the  square  area  in  (A)  (3000x).  Micro-CT  images  indicate  the  interconnected  pores  of  scaffold  in  3-D  (C),  and  2-D  reconstruction  (D)  and  (E). 


Fig.  2.  HUVEC  adhesion  and  spread  morphology  on  the  struts  of  a  (3-TCP  scaffold  observed  by  confocal  laser  scanning  microscopy.  HUVECs  are  observed  to  attach  and  grow 
well  on  the  scaffold  for  (A)  1  day,  (B)  3  days  and  (C)  7  days.  Images  were  captured  on  the  same  site  of  one  scaffold. 


was  formed  by  day  7  (Fig.  2C).  In  this  study,  SEM  was  used  to  fur¬ 
ther  investigate  cell  morphologies  of  hBMSCs  and  HUVECs  on  the 
(3-TCP  scaffolds.  Results  showed  that  both  hBMSCs  and  HUVECs 
can  adhere  well  on  the  scaffolds  (Fig.  3).  In  monocultures,  HUVECs 
exhibited  cobblestone-like  morphology  and  formed  a  flattened 
endothelial  cell  layer  (Fig.  3A),  while  hBMSCs  exhibited  a  typical 
spindle-like  morphology  (Fig.  3B).  In  co-culture  of  hBMSCs  and  HU¬ 
VECs,  both  spindle-like  cells  and  cobble-like  cells  could  be  ob¬ 
served,  suggesting  the  co-existence  of  both  cell  types  on  the 
scaffold  (Fig.  3C). 

3.3.  Visualization  of  F-actin  filament  of  cells 

In  HUVEC  and  hBMSC  monocultures,  an  abundance  of  actin  fi¬ 
bers  was  observed  in  the  cytoplasm  of  the  cells  (Fig.  4A,  G  and  C, 
H).  The  fluorescent  image  in  Fig.  4B  shows  cobblestone-like  mor¬ 
phology.  In  hBMSC  monocultures,  the  rhodamine  phalloidin/DAPI 
staining  of  hBMSCs  in  Fig.  4C  indicated  a  homogenous  distribution 
of  actin  fibers  and  filament  elongation  of  cells  on  the  scaffold.  Addi¬ 
tionally,  as  shown  in  Fig.  4D,  hBMSCs  were  GFP-negative,  distin¬ 


guishing  them  from  the  GFP-positive  HUVECs.  In  co-cultures, 
comparing  the  rhodamine  phalloidin/DAPI  staining  image  in 
Fig.  4E  with  the  GFP  fluorescent  image  in  Fig.  4F,  the  distribution 
of  hBMSCs  in  co-culture  can  be  distinguished  from  that  of  GFP- 
tagged  HUVECs.  Contacting  zones  or  overlapping  growths  were  ob¬ 
served.  Fig.  4G  and  H  shows  the  F-actin  staining  of  HUVECs  and 
hBMSCs  at  a  higher  magnification,  respectively.  Obvious  actin  fiber 
bundles  can  be  observed  in  the  cytoplasm. 


3.4.  Immunofluorescent  staining  of  PECAM-1 

In  HUVECs  monocultures,  immunofluorescent  images  show  the 
expression  of  PECAM-1  at  the  cell-cell  interface  after  7  days  of  cul¬ 
ture  (Fig.  5).  With  increasing  culture  time,  PECAM-1  expression  of 
HUVECs  became  more  pronounced  and  cells  were  observed  form¬ 
ing  network  after  14  days.  For  both  the  1:5  hBMSCs/HUVECs  and 
HUVEC  alone  groups,  PECAM-1  expression  increased  with  culture 
time.  The  higher  magnification  images  in  the  inserts  showed  the 
formation  of  small  sprouts  (Fig.  5).  In  the  5:1  and  1:1  hBMSC/HU- 
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Fig.  3.  Scanning  electron  micrographs  showing  cells  growing  on  the  (3-TCP  scaffolds  after  3  days  of  culture:  (A)  HUVECs,  (B)  hBMSCs  and  (C)  co-cultured  hBMSCs/HUVECs  (1:1 
ratio). 


Fig.  4.  Cytoskeletal  organization  of  cells  grown  on  the  (3-TCP  scaffolds  at  day  7,  as  observed  under  a  CLSM  and  demonstrated  by  rhodamine  phalloidin/DAPI  staining  for  F- 
actin/cell  nuclei  (A,  C,  E)  and  endogenous  GFP  (B,  D,  F).  An  abundance  of  F-actin  fiber  is  observed  in  HUVECs  (A,  B),  hBMSCs  (C,  D)  and  co-cultured  hBMSCs/HUVECs  (E,  F), 
indicating  a  homogenous  distribution  of  F-actin.  (G)  and  (H)  show  F-actin  staining  of  HUVECs  and  hBMSCs  at  a  higher  magnification,  respectively. 


327  VEC  groups,  these  network  structures  were  not  apparent  due  to  the 

328  lower  proportion  of  HUVECs  present. 

329  3.5.  Cell  proliferation  and  ALP  activity  of  hBMSCs 

330  The  proliferation  of  hBMSCs  and  HUVECs  on  the  (3-TCP  scaffolds 

331  is  shown  in  Fig.  6a.  For  hBMSC  monocultures,  cell  proliferation  in- 

332  creased  from  day  3  to  day  7.  After  7  days,  cellular  dsDNA  content 

333  started  to  decrease.  For  HUVEC  monocultures,  cellular  dsDNA 

334  amount  increased  from  day  3  to  day  1 4.  The  growth  rate  of  HUVECs 


was  slower  compared  to  that  of  hBMSCs,  but  reached  the  same  le-  335 
vel  of  proliferation  within  14  days  of  incubation.  Compared  to  336 
monocultures,  the  total  cellular  dsDNA  amount  in  co-culture  was  337 
proportional  to  the  cell  ratios  and  growth  rates  (Fig.  6a).  338 

To  evaluate  the  effect  of  HUVECs  on  the  ALP  activity  of  hBMSCs,  339 
hBMSCs  were  co-cultured  with  HUVECs  at  various  ratios  in  non-  340 
osteogenic  medium.  The  ALP  activity  of  cells  in  monoculture  and  341 
co-culture  is  shown  in  Fig.  6b.  Results  show  that,  in  both  mono-  342 
and  co-culture,  the  ALP  activity  level  of  hBMSCs  continually  in-  343 

creased  over  14  days  (Fig.  6b).  For  the  5:1  and  1:1  hBMSC/HUVEC  344 
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Fig.  5.  CLSM  images  showing  expression  of  endothelial  marker,  PECAM-1  (CD31),  by  HUVECs  in  monoculture  and  co-culture  with  hBMSCs  at  day  7  and  day  14  on  (3-TCP 
scaffolds.  Confocal  images  through  a  z-stack  demonstrated  the  expression  of  CD31.  Insert  images  represent  CD31  expression  of  hBMSC/HUVEC  (1:5)  and  HUVEC  groups  on 
day  14  at  a  higher  magnification.  Formation  of  small  sprouts  can  be  observed  (white  arrows).  CD31  is  in  red  (labeled  with  Alexa  Fluor  594),  and  nuclei  are  in  blue  (labeled 
with  DAPI). 


D3  D7  D14 


Incubation  time  (day) 


Incubation  time  (day) 


D3  D7  D14  D3  D7  D14 

Incubation  time  (day)  Incubation  time  (day) 


Fig.  6.  dsDNA  contents  of  cells  in  monocultured  hBMSCs  and  HUVECs,  and  co-cultured  hBMSCs/HUVECs  at  various  ratios  on  the  (3-TCP  scaffolds  (a),  and  ALP  activity 
expression  in  hBMSCs  on  the  (3-TCP  scaffolds  in  monocultures  and  co-culture  after  3,  7  and  14  days  of  incubation  (b).  ALP  activity  in  monoculture  hBMSCs  (c)  and  HUVECs  (d) 
on  well  plate  and  (3-TCP  scaffolds.  An  asterisk  is  used  to  indicate  significant  difference  (p  <  0.05). 


345  groups,  the  ALP  activity  of  co-cultured  cells  was  significantly  high-  d),  but  the  cells  on  the  (3-TCP  scaffolds  produced  detectable  ALP  352 

346  er  compared  to  those  in  monoculture  (p  <  0.05),  except  for  the  1:5  activity  level  at  days  3  and  7  (Fig.  6b).  353 

347  hBMSC/HUVEC  groups  at  day  14.  ALP  expression  of  HUVECs  was 

348  higher  than  that  in  other  groups  at  day  3,  and  it  remained  constant  3.6.  Gene  expression  354 

349  during  14  days  of  culture.  ALP  expression  of  hBMSCs  or  HUVECs 

350  alone  on  well  plates  was  also  investigated,  and  the  results  show  Quantitative  real-time  PCR  was  performed  to  evaluate  the  355 

351  that  ALP  activity  could  not  be  detected  until  day  14  (Fig.  6c  and  expression  of  osteogenic  and  endothelial  markers.  Fig.  7  shows  356 
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the  osteogenic  gene  expression  of  hBMSCs  and  the  endothelial 
gene  expression  of  HUVECs  in  monoculture  and  co-culture.  All 
gene  expression  was  normalized  to  the  expression  levels  of  mono- 
cultured  hBMSCs  at  day  7  (reference  value  set  to  1). 

For  monocultures,  the  expression  of  runx2  of  hBMSCs  did  not 
change  at  7  and  14  days  of  incubation.  In  the  co-culture,  runx2 
down-regulation  increased  with  a  decrease  in  the  hBMSC/HUVEC 
ratio.  Alp  expression  did  not  significantly  change  for  monocultured 
hBMSCs,  but  it  was  significantly  increased  in  the  5:1  hBMSC/HU¬ 
VEC  ratio  group  at  day  7  and  in  the  5:1  and  1:1  hBMSC/HUVEC  ra¬ 
tio  groups  at  day  14.  In  monocultures,  hBMSCs  increased  the 
expressions  of  bsp  and  opn ,  two  early  bone  matrix  genes,  and  re¬ 
duced  the  expression  of  oc,  a  late  bone  matrix  gene  between  day 
7  and  day  14  [31-33].  The  addition  of  HUVECs  significantly  de¬ 
creased  the  expression  of  the  three  genes  in  all  co-culture  groups. 
Additionally,  these  early  osteogenic  differentiation  genes  and  bone 
matrix  genes  including  runx2 ,  alp ,  bsp  and  opn  were  detected  at 
very  low  levels  in  HUVECs.  In  contrast,  HUVECs  expressed  higher 
levels  of  bmp-2  and  cd3l ,  when  compared  to  hBMSCs.  The  expres¬ 
sion  of  these  two  genes  was  detected  in  hBMSC  monocultures.  The 
expression  of  these  two  genes  in  co-culture  groups  increased  as  the 
hBMSC/HUVEC  ratio  decreased. 


4.  Discussion 

p-TCP  bioceramics  have  been  widely  used  in  clinical  settings  for 
bone  repair  and  reconstruction  [2,3].  In  bone  tissue  engineering,  it 
is  common  to  merge  biodegradable,  biomimetic,  porous  CaP  scaf¬ 
folds  with  stem  cells  such  as  MSCs  to  regenerate  bone  tissue 
[4,8-11].  However,  most  of  these  works  focused  mainly  on  the 
osteogenic  potential  of  MSCs  on  bioceramic  scaffolds.  It  is  well 
known  that  osteogenic  and  angiogenic  processes  are  interdepen¬ 
dent  via  the  intimate  interaction  between  bone-forming  cells  and 
endothelial  cells  [34-36].  An  increasing  number  of  studies  have  fo¬ 
cused  on  the  reciprocal  effects  between  mesenchymal  stem  cells 
and  endothelial  cells  or  their  corresponding  precursors  [37-40]. 
Although  these  studies  provide  new  insights  into  the  relationship 
between  bone-forming  cells  and  endothelial  cells,  the  influence 
of  the  porous  p-TCP  ceramic  scaffolds  on  the  osteogenic  and  angio¬ 
genic  potentials  of  hBMSCs  and  HUVECs  in  monoculture  or  co-cul¬ 
ture  is  still  not  well  understood. 

In  this  study  we  investigated  the  cell  behavior  of  HUVECs, 
hBMSCs  and  co-cultured  hBMSCs/HUVECs  on  p-TCP  scaffolds, 
including  cell  attachment,  proliferation,  and  cell-specific  marker 
expression.  In  co-culture,  we  mixed  two  types  of  cells  in  suspen¬ 
sion  and  then  seeded  them  on  the  p-TCP  scaffolds.  In  this  model, 
the  interactions  between  two  types  of  cells  occurred  by  direct 
cell-cell  contacts  and  diffusible  paracrine  signaling  [38,41].  In 
these  experiments,  one  major  factor  impacting  cell  behavior  is 
the  co-culture  medium.  Different  culture  media  may  lead  to  stem 
cell  differentiation  towards  osteogenic,  chondrogenic,  endothelial, 
adipogenic  and  vascular  smooth  muscle  phenotypes  [42].  To  select 
the  appropriate  co-culture  medium  in  this  study,  we  first  co-cul- 
tured  the  two  types  of  cells  on  well  plates  using  three  different 
media,  including  EBM-2,  DMEM,  and  a  1:1  mixture  of  both.  We 
found  that  the  morphology  of  hBMSCs  changed  from  spindle  shape 
in  DMEM  to  a  slightly  long,  narrow  spindle  shape  in  EBM-2.  In  the 
mixture  medium,  the  morphology  of  hBMSCs  did  not  show  this 
kind  of  change  (S.l).  For  HUVECs,  we  found  that  they  hardly  sur¬ 
vived  or  proliferated  in  DMEM.  In  a  1:1  mixture,  the  co-cultured 
cells  can  both  display  normal  cell  morphology  as  in  their  own  pre¬ 
ferred  monoculture  medium,  regardless  of  their  co-culture  ratio 
(5:1,  1:1,  1:5;  see  S.l).  To  take  into  consideration  the  behavior  of 
both  cell  types,  the  combined  medium  DMEM: EBM-2  (1:1)  was  se¬ 
lected  to  culture  the  cells  on  scaffolds.  In  this  study,  we  were  inter- 


7 

ested  in  the  effect  of  p-TCP  scaffolds  on  hBMSC  and  HUVEC 
monoculture  and  co-culture.  Therefore,  we  used  non-osteogenic 
medium  in  all  experiments  to  exclude  the  medium  effect  on  oste¬ 
ogenic  activity  level  of  hBMSCs. 

The  morphological  observations  by  the  confocal  and  SEM  in 
Figs.  2  and  3  clearly  indicate  that  the  cells,  in  either  monoculture 
or  co-culture,  can  attach  and  proliferate  well  on  the  highly  inter¬ 
connected  porous  scaffolds.  Cytoskeletal  organization  of  cells  on 
the  scaffolds  in  Fig.  4  was  also  clearly  observed.  Cytoskeletal  pro¬ 
teins  such  as  actin  have  been  used  to  illustrate  spreading  and 
attachment  of  cells  on  substrates  [43].  Our  F-actin  labeling  results 
show  that  HUVECs  and  hBMSCs  exhibit  uniform  and  homogenous 
distribution  of  actin  in  cytoplasm.  These  results  indicate  that  the 
cells  can  attach  and  spread  on  the  scaffolds.  Previous  studies  have 
reported  that  biomaterial  coated  with  extracellular  matrix  proteins 
significantly  enhances  attachment  of  endothelial  cells  to  biomate¬ 
rials  and  in  some  cases  protein  coating  is  a  prerequisite  for  attach¬ 
ment  of  endothelial  cells  [20,44,45].  In  this  study,  p-TCP  scaffolds 
without  pre-coating  also  supported  attachment  and  spreading  of 
endothelial  cells. 

The  ALP  activity  level  produced  by  hBMSCs  on  p-TCP  scaffolds 
was  significantly  higher  than  that  on  well  plates  (Fig.  6c).  This  re¬ 
sult  implies  that  p-TCP  scaffolds  significantly  promote  early  differ¬ 
entiation  of  hBMSCs.  This  may  be  attributed  to  the  release  of 
calcium  and  phosphate  ions  from  p-TCP  scaffolds.  Our  results  indi¬ 
cated  that  Ca  and  P  concentrations  increased  with  the  incubation 
time  (S3a).  It  has  been  indicated  from  previous  studies  that  extra¬ 
cellular  Ca2+  and  inorganic  P  released  by  CaP  biomaterials  favor 
osteoblast  differentiation,  proliferation  and  matrix  mineralization 
through  activating  Ca-sensing  receptors  in  osteoblast  cells  [46- 
48].  Surprisingly,  HUVECs  seeded  on  p-TCP  scaffolds  also  expressed 
ALP  activity,  although  it  remained  constant  over  14  days  of  incuba¬ 
tion  (Fig.  6b).  Furthermore,  HUVECs  on  well  plates  also  exhibited 
ALP  activity  at  day  14  (Fig.  6d).  The  HUVECs  used  in  this  study  is 
a  GFP  transfected,  immortalized  cell  line.  The  reason  that  HUVECs 
have  a  detectable  ALP  activity  may  be  related  to  the  mixture  med¬ 
ium  employed  in  this  study  or  due  to  the  release  of  Ca  and  P  ions, 
which  can  alter  the  pH  to  a  weak  alkaline  environment  (S.3b). 
Alternatively,  the  change  of  pH  from  7.4  to  7.9  due  to  the  release 
of  Ca  and  P  ions  may  have  induced  ALP  activity  (S.3b).  Wang 
et  al.  have  also  reported  ALP  expression  in  HUVECs  in  vitro  [49]. 
Although  the  reasons  remain  unknown,  it  is  clear  that  p-TCP  scaf¬ 
folds  stimulated  higher  ALP  activity  in  HUVECs  on  p-TCP  scaffolds 
compared  to  those  on  well  plates.  This  suggests  that  culture  on  a  3- 
D  porous  p-TCP  bioceramic  may  change  the  behavior  of  HUVECs. 
More  mechanistic  studies  to  investigate  the  effects  of  3-D  struc¬ 
tures  on  the  morphology  and  calcium  chemistry  of  cells  should 
be  performed  to  address  these  questions. 

Our  results  further  indicated  that  early  ALP  activities  of  the  5:1 
and  1:1  co-culture  groups  were  significantly  higher  than  that  of 
hBMSCs  in  monoculture.  This  may  be  a  result  of  the  BMP-2  se¬ 
creted  by  HUVECs  [49].  In  real-time  PCR,  bmp-2  gene  expression 
was  significantly  higher  in  HUVECs  when  compared  to  hBMSCs, 
which  further  implies  the  possibility  of  HUVECs  releasing  soluble 
BMP-2  into  the  co-culture  medium  [49]. 

Additionally,  the  total  dsDNA  content  of  co-cultured  cells  was 
not  the  same  as  that  of  cells  in  monoculture,  as  shown  in  the 
dsDNA  results  (Fig.  6a).  The  proliferation  rate  of  co-cultured  mix¬ 
ture  cells  did  not  exceed  that  in  monocultured  hBMSCs  but  signif¬ 
icantly  exceeds  that  in  monocultured  HUVECs.  This  result  could  be 
explained  by  the  dynamic  change  of  percentage  of  both  cell  types 
in  co-culture,  as  the  growth  rate  of  hBMSCs  and  HUVECs  is  differ¬ 
ent.  hBMSCs  grown  in  monoculture  showed  a  clearly  higher  cell 
growth  rate  as  compared  with  HUVECs  in  monoculture  at  an  early 
stage  (Fig.  6a).  These  results  collectively  suggested  the  interactions 
between  hBMSCs  and  HUVECs  in  co-culture  changed  the  individual 
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Fig.  7.  Osteogenesis-related  gene  expression  of  hBMSCs  on  the  (3-TCP  scaffolds  in  monoculture  and  co-culture  after  7  and  14  days.  One  and  two  asterisks  are  used  to  show 
significant  difference  (p  <  0.05  and  0.01,  respectively). 
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growth  rate  of  HUVECs  and  hBMSCs.  This  result  further  implied 
that  the  HUVECs  in  co-culture  may  not  stimulate  hBMSCs  prolifer¬ 
ation;  meanwhile,  hBMSCs  could  suppress  HUVEC  expansion  due 
to  their  high  proliferative  capacity  in  co-culture. 

We  further  investigated  the  angiogenic  potential  of  co-cultured 
cells  in  vitro  on  the  (3-TCP  ceramic  scaffolds.  Cell  adhesion  mole¬ 
cule  PECAM-1  expression  at  the  cell-cell  interface  could  be  used 
to  indicate  the  microcapillary-like  structure  or  lumina.  Cell  adhe¬ 
sion  molecule  PECAM-1  expressed  by  HUVECs  is  known  to  be  cru¬ 
cial  for  vessel  formation  and  maintenance  [50].  Our  results  show 
that  in  the  HUVEC  monoculture,  a  large  amount  of  PECAM-1 
expression  can  be  clearly  observed  on  the  scaffolds  shown  in 
Fig.  5.  Some  elongated  networks  but  no  obvious  lumina  were  ob¬ 
served  during  this  experimental  period.  The  ability  of  HVUECs  to 
form  lumina  may  depend  on  the  properties  of  the  extracellular  ma¬ 
trix,  which  can  affect  the  migration  of  HUVECs  [51].  Co-culturing 
endothelial  cells  with  bone-forming  cells  may  facilitate  the  tube 
formation  in  vitro  on  scaffolds  since  the  bone-forming  cells  can 
produce  cytokines  and  angiogenic  growth  factors  such  as  VEGF 
[52,53].  Also,  the  extracellular  matrix  produced  by  bone-forming 
cells  may  promote  the  formation  of  microcapillary-like  structure 
when  the  cells  co-cultured  in  direct  contact  [20,54].  Our  data  in 
co-culture  did  not  show  that  hBMSCs  promoted  the  tube  formation 
of  HUVECs  on  the  scaffolds.  Unlike  the  continuous  PECAM-1 
expression  by  the  monocultured  HUVECs  at  day  14  of  incubation, 
a  lower,  scattered  PECAM-1  expression  can  be  observed  in  the 
groups  of  lower  ratio  of  HUVECs  (1:5  and  1:1).  This  is  probably  a 
result  of  decreased  HUVEC  population  and  the  separation  of  HU¬ 
VECs  by  hBMSCs.  In  the  co-culture  groups,  hBMSCs  and  HUVECs 
were  loaded  simultaneously  onto  the  porous  scaffolds.  A  higher  ra¬ 
tio  of  hBMSCs  (5:1)  in  the  mixed  cell  suspension  could  separate 
individual  HUVECs,  leading  to  the  inability  of  HUVECs  to  contact 
and  form  a  microcapillary-like  structure. 

The  real-time  PCR  studies  indicated  that  ALP  gene  expression 
levels  in  the  co-culture  group  were  significantly  increased,  but 
most  of  other  genes  were  decreased.  It  is  worth  noting  that  we 
are  unable  to  distinguish  the  contribution  of  individual  cell  type 
because  gene  expression  in  this  study  came  from  the  total  mRNA 
of  two  types  of  cells.  As  the  expression  level  of  hBMSCs  is  a  part 
of  the  total  expression  level  in  the  co-culture,  therefore  gene 
expression  of  all  these  osteogenic  markers  of  hBMSCs  specifically 
in  co-culture  could  be  higher  [29].  Although  further  evaluation 
and  new  strategies  will  be  needed  to  investigate  the  interactions 
between  mesenchymal  stem  cells  and  endothelial  cells  on  the  bio¬ 
degradable  p-TCP,  these  present  results  implied  that  p-TCP  scaffold 
with  3-D  spatial  features  could  be  a  useful  platform  to  further 
investigate  the  interactions  between  the  two  cell  types  in  3-D 
structures  for  better  understanding  of  bone  regeneration,  as  this 
p-TCP  ceramic  scaffold  can  provide  biocompatible  and  suitable  sur¬ 
face  properties  for  hBMSC  and  HUVEC  development. 


5.  Conclusions 

In  the  present  study  we  examined  the  effect  of  an  intercon¬ 
nected,  macroporous,  biodegradable  p-TCP  scaffold  on  cell  behav¬ 
iors  of  HUVECs  and  hBMSCs  in  both  monoculture  and  co-culture. 
Our  results  demonstrate  that  p-TCP  scaffolds  supported  the  attach¬ 
ment  and  proliferation  of  HUVECs  and  hBMSCs  in  both  monocul¬ 
tures  and  co-cultures.  p-TCP  scaffolds  stimulated  ALP  activity  of 
both  hBMSCs  and  HUVECs.  In  co-cultures,  HUVECs  enhanced  the 
very  early  osteogenic  differentiation  of  hBMSCs.  Meanwhile,  the 
formation  of  an  elongated  network-like  structure  was  observed 
in  vitro  on  the  p-TCP  scaffolds.  This  p-TCP  scaffold  could  provide 
a  3-D  platform  for  studying  interactions  between  multiple  cells  in¬ 
volved  in  bone  regeneration.  In  particular,  vascularization  and 
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osteogenesis  of  biodegradable  p-TCP  scaffolds  can  be  promoted 
by  manipulating  structural  and  biological  cues. 
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Appendix  A.  Figures  with  essential  colour  discrimination 

Certain  figures  in  this  article,  particularly  Figs.  2,  4,  and  5,  are 
difficult  to  interpret  in  black  and  white.  The  full  colour  images 
can  be  found  in  the  on-line  version,  at  http://dx.doi.org/10.1016/ 
j.actbio.201 2.08.008. 

Appendix  B.  Supplementary  data 

Supplementary  data  associated  with  this  article  can  be  found,  in 
the  online  version,  at  http://dx.doi.Org/l  0.1 01 6/j.actbio.201 2.08.008. 
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Significant  advances  have  been  made  in  bone  tissue  engineering  (TE)  in  the  past  decade.  However,  classical  bone 
TE  strategies  have  been  hampered  mainly  due  to  the  lack  of  vascularization  within  the  engineered  bone  con¬ 
structs,  resulting  in  poor  implant  survival  and  integration.  In  an  effort  toward  clinical  success  of  engineered 
constructs,  new  TE  concepts  have  arisen  to  develop  bone  substitutes  that  potentially  mimic  native  bone  tissue 
structure  and  function.  Large  tissue  replacements  have  failed  in  the  past  due  to  the  slow  penetration  of  the  host 
vasculature,  leading  to  necrosis  at  the  central  region  of  the  engineered  tissues.  For  this  reason,  multiple  mi¬ 
croscale  strategies  have  been  developed  to  induce  and  incorporate  vascular  networks  within  engineered  bone 
constructs  before  implantation  in  order  to  achieve  successful  integration  with  the  host  tissue.  Previous  attempts 
to  engineer  vascularized  bone  tissue  only  focused  on  the  effect  of  a  single  component  among  the  three  main 
components  of  TE  (scaffold,  cells,  or  signaling  cues)  and  have  only  achieved  limited  success.  However,  with 
efforts  to  improve  the  engineered  bone  tissue  substitutes,  bone  TE  approaches  have  become  more  complex  by 
combining  multiple  strategies  simultaneously.  The  driving  force  behind  combining  various  TE  strategies  is  to 
produce  bone  replacements  that  more  closely  recapitulate  human  physiology.  Here,  we  review  and  discuss  the 
limitations  of  current  bone  TE  approaches  and  possible  strategies  to  improve  vascularization  in  bone  tissue 
substitutes. 


Introduction 

Bone  tissue  engineering  (TE)  has  emerged  with  the  aim 
of  producing  biological  substitutes  for  bone  tissue  re¬ 
generation.  The  need  for  bone  constructs  stems  from  the 
limited  availability  of  donor  tissues,  which  can  be  catego¬ 
rized  as  autografts,  allografts,  and  xenografts.  However, 
each  type  of  donor  tissue  comes  with  its  own  set  of  limita¬ 
tions.  For  example,  many  difficulties  are  associated  with 
autografts,  such  as  high  cost,  requirement  of  additional 
surgeries,  donor-site  morbidity,  and  limiting  autographs  for 
the  treatment  of  small  defects.1  Allografts  can  be  used  for 
larger  defects  but  are  limited  by  the  possible  immune  rejec¬ 
tion,  disease  transmission,  and  lower  incorporation  rate 


compared  to  autografts.1  Xenografts  are  rarely  used  since 
they  share  the  same  drawbacks  as  allografts  and  their 
physiological  structures  and  functions  do  not  exactly  match 
that  of  human  tissue.2  TE  strategies  have  been  applied  as 
promising  alternatives  to  address  the  problems  associated 
with  the  current  therapeutic  techniques  and  to  produce  bone 
constructs  that  mimic  the  structure  of  natural  bone. 

In  an  attempt  toward  clinical  success  of  engineered  bone 
constructs,  tissue  engineers  have  focused  on  fabricating  bone 
tissues  with  similar  properties  (e.g.,  mechanical  strength  and 
microstructure)  and  function  to  naturally  occurring  bone. 
Bone  tissue  is  composed  of  an  external  layer,  referred  to  as 
cortical  or  compact  bone,  and  an  internal  layer,  referred  to  as 
cancellous  or  spongy  bone  (Fig.  1).  Cortical  bone  makes  up  to 
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FIG.  1.  Bone  anatomy  (Copyright  ©  2004  Pearson  Educa¬ 
tion,  Inc.,  publishing  as  Benjamin  Cummings).  Color  images 
available  online  at  www.liebertpub.com/ teb 


~  80%  of  the  total  bone  mass  in  adults.3  It  is  extremely  dense, 
with  low  porosity  (20%)  and  high  mechanical  strength  (130- 
190  MPa).4  Cancellous  bone  accounts  for  the  other  20%  of  the 
total  bone  mass  and  is  highly  porous  (50%-90%),  with 
~  10%  of  the  mechanical  strength  of  cortical  bone.3  Osteons 
are  functional  units  within  the  cortical  bone  structure  and 
contain  central  haversian  canals,  which  house  nerves  and 
blood  vessels.5  In  contrast,  cancellous  bone  does  not  contain 
osteon  units,  as  its  high  porosity  and  surface  area  allows  for 
better  penetration  of  vasculature.6  Although  cortical  and 
cancellous  layers  are  quite  different  in  structure,  they  both 
contain  a  highly  vascularized  network.  The  presence  of  a 
vascular  network  is  essential  to  supply  nutrients  and  remove 
waste  products.  Therefore,  it  is  required  to  incorporate  a 
vascularized  network  into  engineered  bone  substitutes  in 
order  to  mimic  the  structure  of  natural  bone  tissue. 

Despite  their  enormous  potential  for  bone  regeneration, 
current  TE  strategies  are  extremely  limited  by  the  lack  of 
vascularization,  leading  to  poor  graft  integration  and  failure 
of  engineered  substitutes  in  clinical  trials.  Here,  we  aim 
to  discuss  possible  strategies  to  improve  bone  tissue  regen¬ 
eration  by  enhancement  of  vascularization  in  engineered 
constructs. 

Strategies  to  Enhance  Vascularization 
in  Engineered  Bone  Constructs 

Vascularization  plays  a  crucial  role  in  supplying  cells  with 
oxygen  and  nutrients  and  removing  waste  products  from  the 
engineered  tissue  constructs.  The  need  for  a  vasculature  is 
particularly  important  when  engineering  three-dimensional 


FIG.  2.  Various  strategies  to 
enhance  vascularization  in  bone 
tissue  engineering  (TE).  MSCs, 
mesenchymal  stem  cells;  EC, 
endothelial  cells;  BMP,  bone 
morphogenetic  protein;  VEGF, 
vascular  endothelial  growth  factor. 
Color  images  available  online  at 
www.liebertpub.com/ teb 
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(3D)  thick  tissues  like  the  heart,  liver,  and  kidney.7-9  The 
importance  of  vascularization  has  been  also  demonstrated 
for  the  engineering  of  other  tissues,  such  as  muscle,  nerve, 
and  bone.8,10,11  Various  strategies  have  been  attempted  to 
enhance  the  establishment  of  vascular  networks  within 
engineered  constructs  for  bone  regeneration  (Fig.  2).  These 
include  (A)  directing  cell  behavior  through  growth  factor 
delivery,  (B)  using  coculturing  systems,  (C)  applying  me¬ 
chanical  stimulation,  (D)  using  biomaterials  with  appropriate 
properties,  and  (E)  incorporating  microfabrication  techniques. 

Interactions  between  cells  play  an  important  role  in  di¬ 
recting  their  function  and  differentiation.  In  vivo  cellular 
communication  is  mainly  through  a  cascade  of  chemical 
cues,  such  as  protein  interactions  and  growth  factor  signal¬ 
ing.  Growth  factors  are  known  to  affect  cellular  proliferation, 
migration,  and  differentiation  during  bone  repair.12  For  in¬ 
stance,  bone  morphogenetic  protein-2  (BMP-2),  transforming 
growth  factor- (3  (TGF-(3),  fibroblast  growth  factor  (FGF), 
platelet-derived  growth  factor  (PDGF),  insulin-like  growth 
factor  (IGF),  endothelin-1,  and  vascular  endothelial  growth 
factor  (VEGF)  are  involved  in  bone  formation.13  BMP,  PDGF, 
FGF,  and  VEGF  have  been  shown  to  enhance  migration  of 
osteoprogenitor  cells,  while  TGF-p,  IGFs,  and  BMPs  modu¬ 
late  their  proliferation  and  differentiation.14  Additionally, 
VEGF  and  FGF  are  involved  in  initiating  vascular  growth 
during  bone  healing.13  The  cross-talk  between  osteoblasts 
and  endothelial  cells  (ECs)  is  conducted  through  the  release 
of  VEGF  by  osteoblasts,  which  act  on  ECs  to  promote  an¬ 
giogenesis,11  and  through  the  release  of  BMPs  by  ECs,  which 
act  on  precursor  bone  cells  to  promote  osteoblastic  differen¬ 
tiation.  In  addition,  FGF  has  been  shown  to  stimulate  prolif¬ 
eration  and  migration  of  ECs15  and  also  induce  osteoblasts 
differentiation.16  As  for  physical  signals,  cells  can  be  stimu¬ 
lated  either  by  cell-cell  contact  via  coupling  of  gap  junction 
proteins  between  different  cell  types  or  by  externally  applied 
stimulation  such  as  mechanical  or  electrical  signals.  The 
coupling  of  osteocytes  and  ECs  through  gap  junction  proteins 
has  been  demonstrated  to  regulate  gene  expression  and  drive 
osteoblastic  differentiation,17  indicating  the  importance  of 
cell-cell  physical  contact  in  directing  cell  function. 

Growth  factor  delivery 

As  mentioned  in  the  previous  section,  cells  respond  to 
chemical  and  physical  signals;  thus,  previous  bone  TE  ap¬ 
proaches  have  exploited  this  concept  to  control  cellular  be¬ 
havior  both  in  vitro  and  in  vivo.  A  number  of  investigators 
have  attempted  to  recapitulate  this  signaling  process  in  vitro 
through  the  delivery  of  exogenous  growth  factors  to  direct 
cellular  behavior.  The  classic  approach  is  to  deliver  one 
growth  factor  by  bolus  injection,  but  this  approach  does  not 
emulate  the  in  vivo  cascade  of  cellular  signaling.  This  is  be¬ 
cause  bolus  injections  fail  to  locally  and  efficiently  deliver 
specific  growth  factors  for  proper  modulation  of  cellular 
function.  Current  efforts  of  bolus  growth  factor  injection  at  the 
site  of  injury  have  been  limited  by  the  rapid  diffusion  of  the 
growth  factors  and  the  lack  of  temporal  control,  resulting  in 
nonlocalized  and  transient  cellular  responses.  Tomanek  et  al. 
evaluated  the  effects  of  bolus  injection  of  both  VEGF  and 
bFGF  on  vasculogenesis.  It  was  found  that  the  injection  of 
VEGF  induced  inappropriate  neovascularization  in  avascular 
areas.18  The  use  of  bFGF  enhanced  vasculogenesis,  but  the 


vasculature  was  transient  and  disappeared  at  later  stages.18 
As  an  alternative  method  to  achieve  sustained  release  of 
growth  factors  and  in  turn  improve  on  bone  TE  strategies, 
investigators  explored  the  effects  of  growth  factor  encapsu¬ 
lation  within  degradable  microparticles.  Solorio  et  al.  encap¬ 
sulated  BMP-2  within  crosslinked  gelatin  microparticles  to 
induce  bone  formation  from  human  mesenchymal  stem  cells 
(hMSCs)  through  the  sustained  release  of  BMP-2.19  It  was 
found  that  the  release  of  BMP-2  from  gelatin  microparticles 
resulted  in  an  increase  of  bone  sialoprotein  (BSP)  gene  ex¬ 
pression  of  hMSCs.19  In  another  study,  Formiga  et  al.  dem¬ 
onstrated  that  the  sustained  release  of  VEGF  from  poly  (lactic- 
co-glycolic  acid)  (PLGA)  microparticles  resulted  in  in  vivo 
revascularization  with  stable  vessels.20  However,  vasculature 
was  not  formed  through  the  bolus  injection  of  free  VEGF, 
which  was  due  to  the  short  half-life  of  the  protein  in  vivo. 

Furthermore,  the  delivery  of  a  single  growth  factor  often  fails 
because  its  isolated  action  does  not  emulate  the  complex  pro¬ 
cess  of  bone  regeneration  in  vivo,  which  involves  the  interaction 
of  a  large  number  of  growth  factors  and  cytokines.21  For  this 
reason,  a  number  of  investigators  have  explored  the  effects  of 
the  combined  delivery  of  multiple  growth  factors.  BMPs  are 
well  established  as  potent  osteoinductive  growth  factors  and 
their  delivery  in  combination  with  other  growth  factors  has 
been  shown  to  enhance  bone  formation  in  vivo.21  A  study  by 
Duneas  et  al.  demonstrated  that  the  combination  of  TGF-p  and 
BMP-7  produced  a  synergistic  effect  to  enhance  bone  formation 
in  vivo  22  This  synergy  was  also  observed  by  Simmons  et  al. 
after  they  implanted  RGD-modified  alginate  hydrogels  con¬ 
taining  both  TGF-P3  and  BMP-2  with  bone  marrow  stromal 
cells  (BMSCs)  in  mice.23  After  6  weeks  of  implantation,  the 
combined  delivery  of  both  TGF-P3  and  BMP-2  showed  signif¬ 
icant  bone  formation  by  transplanted  BMSCs.  In  contrast,  in¬ 
dividual  delivery  of  TGF-P3  or  BMP-2  resulted  in  negligible 
bone  formation  even  after  22  weeks.  Interestingly,  the  en¬ 
hancement  of  bone  regeneration  by  the  combined  delivery  of 
FGF  and  BMP  is  dependent  on  both  time  and  dose.  Kubota  et  al. 
combined  the  locally  delivered  BMP-2  with  subcutaneous  in¬ 
jections  of  FGF-4  and  found  that  FGF  increased  bone  formation 
when  administered  early  (days  2-4),  but  had  no  effect  when 
injected  at  later  time  points  (days  6-11),  demonstrating  that  the 
effect  of  FGF  on  BMP-induced  bone  formation  is  time  depen¬ 
dent.24  The  dose-dependent  effect  of  FGF  when  combined  with 
BMP  was  observed  by  Nakamura  et  al.  when  they  implanted 
type  I  collagen  disks  into  mice  that  contained  a  constant 
amount  of  BMP-2  (5  pg)  and  varying  amounts  of  FGF-2.25 

The  effect  of  simultaneous  and  sequential  delivery  on 
bone  formation  has  been  also  investigated.26-31  In  one  study, 
Raiche  et  al.  found  that  the  temporal  delivery  of  BMP-1  and 
IGF-I  can  significantly  affect  alkaline  phosphatase  (ALP) 
activity  during  in  vitro  culture.26  In  this  study,  layered  gelatin 
coatings  were  used  to  develop  a  sequential  delivery  system; 
one  layer  was  crosslinked  to  encapsulate  BMP-2,  while  the 
other  layer  contained  IGF-I.  The  highest  ALP  activity  was 
observed  with  the  early  release  of  BMP-2  followed  by  the 
subsequent  release  of  IGF-I,  while  the  simultaneous  release 
of  BMP-2  and  IFG-I  from  both  layers  had  no  effect  on  the 
ALP  activity.  Other  studies  have  also  shown  the  effect  of 
sequential  release  of  BMP-2  and  BMP-7  from  nanocapsules  of 
PLGA  and  poly(3-hydroxybutyrate-co-3-hydroxyvalerate), 
and  PLGA  scaffolds  loaded  with  poly(4-vinyl  pyridine) /al- 
ginic  acid  polyelectrolyte  microspheres  28,29  It  was  found  that 
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the  early  release  of  BMP-2  followed  by  BMP-7  suppressed  rat 
MSC  proliferation  and  increased  osteogenic  differentia¬ 
tion.28,29  These  results  indicate  that  correct  growth  factor 
combinations  and  delivery  strategies  (simultaneous  and  se¬ 
quential  delivery,  single  or  multiple  growth  factor)  greatly 
affect  osteogenic  differentiation  and  should  be  considered 
when  designing  delivery  systems. 

The  studies  discussed  above  demonstrate  that  the  delivery 
of  multiple  growth  factors  can  enhance  bone  formation. 
However,  since  blood  vessel  formation  is  tightly  coupled  with 
bone  regeneration,  the  ideal  scenario  would  be  to  deliver  a 
cascade  of  multiple  growth  factors  to  simultaneously  induce 
angiogenesis  and  osteogenesis  in  order  to  produce  a  vascu¬ 
larized  bone  tissue  substitute.  VEGF  plays  a  critical  role  in 
angiogenesis  during  bone  formation;  therefore,  its  combined 
delivery,  along  with  other  growth  factors,  may  enhance 
vascularization  in  bone  tissue  constructs.  In  one  study, 
Richardson  et  al.  found  that  sustained  dual  delivery  of 
both  VEGF  and  PDGF  resulted  in  highly  dense  and  well- 
established  vessels  compared  to  the  bolus  delivery  of  either  of 
the  growth  factors  alone.32  Patel  et  al.  also  demonstrated  that 
dual  delivery  of  VEGF  and  BMP-2  encapsulated  in  gelatin 
microparticles  resulted  in  a  synergistic  effect,  promoting  both 
osteogenic  response  and  blood  vessel  formation  in  an  8-mm  rat 
cranial  defect.33  In  another  study,  Shah  et  al.  created  a  dual 
delivery  system  using  polyelectrolyte  multilayer  films  (PEM) 
fabricated  through  layer-by-layer  assembly  34  Various  ratios  of 
BMP-2  and  VEGF  were  entrapped  within  the  different  PEM 
layers.  It  was  found  that  VEGF  was  released  from  the  PEM 
layers  over  the  first  8  days,  while  the  release  of  BMP-2  was 
sustained  for  2  weeks.  After  implantation,  the  mineral  density 
within  de  novo  bone  was  increased  by  33%  in  a  PEM  scaffold 
containing  both  BMP-2  and  VEGF  compared  to  those  con¬ 
taining  BMP-2  only.  Mikos  and  coworkers  also  investigated  the 
effects  of  individual  and  dual  delivery  of  BMP-2  and  VEGF  on 
bone  formation  using  a  rat  cranial  critical-size  defect.35  Four 
weeks  after  implantation,  dual  delivery  of  BMP-2  and  VEGF 
resulted  in  a  higher  percentage  of  bone  fill  compared  to  the 
delivery  of  BMP-2  alone.  However,  no  significant  difference 
was  observed  after  12  weeks  35  These  results  suggest  that  the 
delivery  of  multiple  growth  factors  is  a  possible  strategy  to 
enhance  the  formation  of  vascularized  bone  tissue  substitues. 
However,  the  types  of  growth  factors  to  be  combined,  the 
dosage  used,  and  the  delivery  method,  all  need  to  be  carefully 
controlled  in  order  to  improve  bone  tissue  formation,  since 
slight  alterations  to  any  of  these  components  can  actually  result 
in  inhibition  of  bone  regeneration.  Furthermore,  the  limited 
number  of  studies  on  the  combinatory  delivery  of  multiple 
growth  factors  suggests  the  need  of  additional  studies  to 
evaluate  all  possible  combinations  and  optimize  concentra¬ 
tions,  ratios,  other  timing,  and  delivery  sequence. 

Coculturing  systems 

It  is  well  known  that  there  is  an  intricate  connection  be¬ 
tween  osteogenesis  and  angiogenesis  during  in  vivo  bone 
formation.  In  fact,  angiogenesis  is  a  prerequisite  for  osteo¬ 
genesis 36  Therefore,  the  cellular  interaction  between  osteo¬ 
blasts  and  ECs  is  essential  in  bone  formation.  Wang  et  al. 
illustrated  the  important  relationship  between  osteoblasts  and 
ECs  by  coculturing  human  osteoblast-like  cells  (HOBs)  with 
human  umbilical  vein  endothelial  cells  (HUVECs).37  The  co¬ 


culture  of  HOBs  with  HUVECs  resulted  in  an  increase  in  both 
ALP  activity  and  cell  numbers.  They  also  demonstrated  that 
the  release  of  VEGF  by  HOBs  can  be  enhanced  with  1,25- 
dihydroxyvitamin  D3  induction,  but  this  enhancement  was 
only  observed  in  cocultures  of  HOBs  with  HUVECs  and  not  in 
HOBs  cultured  alone.  The  expression  of  VEGF  receptors  on 
ECs  was  also  enhanced  during  coculture  with  HOBs,  which 
resulted  in  stimulation  of  ALP  activity.  The  release  of  VEGF 
by  HOBs  did  not  directly  stimulate  ALP  activity,  but  in  the 
presence  of  HUVECs,  ALP  stimulation  was  observed.  The 
results  of  this  study  confirmed  the  importance  of  the  com¬ 
munication  between  osteoblasts  and  ECs  during  osteogenesis. 

As  this  review  aims  to  discuss  possible  strategies  for  vas¬ 
cular  enhancement  within  engineered  bone  tissue  replace¬ 
ments,  the  coculture  of  ECs  and  osteoblasts  is  presented  as  a 
promising  alternative,  due  to  the  important  relationship  be¬ 
tween  these  cells  during  bone  formation,  remodeling,  and 
repair.38  Recent  findings  have  shown  that  the  in  vivo  vascular 
networks  produced  by  a  single-cell  population  are  immature 
and  less  stable  compared  to  networks  formed  from  cocultur¬ 
ing  systems.39  The  importance  of  a  coculturing  system  in  bone 
TE  stems  from  the  need  to  promote  osteogenesis  and  vascu¬ 
larization  simultaneously  in  order  to  create  vascularized  en¬ 
gineered  bone  tissue  constructs.  Yu  et  al.  demonstrated  the 
feasibility  of  coculturing  bone  marrow-derived  ECs  and  os¬ 
teoblasts  in  a  polycaprolactone  (PCL)/  hydroxyapatite  scaffold 
to  promote  vascularization  and  osteogenesis  processes.40  It 
was  found  that  the  presence  of  both  cell  types  within  the 
scaffolds  resulted  in  the  formation  of  vessel-like  structures  40 
In  another  study,  Zhou  et  al.  induced  MSCs  to  differentiate 
into  ECs,  and  then  cocultured  MSCs  and  MSC-derived  ECs 
within  a  porous  (3-tricalcium  phosphate  ((3-TCP)  ceramic  bio¬ 
material  to  investigate  the  effects  of  MSC-derived  ECs  on  the 
proliferation  and  osteogenesis  of  MSCs.  Coculturing  the  cells 
resulted  in  vascularized  bone  formation,  since  ECs  promoted 
MSCs  osteogenesis  and  accelerated  local  vascularization. 
Additionally,  de  novo  bone  exhibited  natural  mechanical 
properties  and  vascularization  after  16  weeks,  with  stable 
degradation  of  the  implanted  material  and  repair  of  bone 
defects  within  the  rabbit  model 41  Villars  et  al.  also  demon¬ 
strated  that  coculturing  of  MSCs  and  ECs  enhanced  osteoblast 
proliferation  and  vascularization  of  engineered  bone.17  It  was 
found  that  VEGF  was  not  responsible  for  this  improvement; 
the  physical  intercommunication  involving  cell  membrane 
proteins  between  MSCs  and  ECs  was  the  driving  force  of  the 
superior  cellular  responses.17  Kaigler  et  al.  obtained  similar 
results  when  they  performed  a  comparative  study  that  eval¬ 
uated  BMSCs  cultured  in  ECs-conditioned  medium,  on  ECs 
extracellular  matrix  (ECM),  and  cocultured  with  and  without 
EC  contact 42  A  significant  increase  in  osteogenic  differentia¬ 
tion  of  BMSCs  was  observed  in  vitro  only  when  cultured  in 
direct  contact  with  ECs.  Additionally,  greater  in  vivo  bone 
formation  was  detected  when  ECs  were  co-transplanted  with 
BMSCs  than  when  BMSCs  were  transplanted  alone.  These 
findings  suggest  that  the  use  of  coculturing  systems  can  po¬ 
tentially  aid  in  improving  bone  regeneration  and  enhancing 
preformed  vascular  networks  for  bone  TE  purposes. 

Mechanical  stimulation 

Mechanical  force  is  a  form  of  physical  signaling  that  can 
affect  cell  functions  within  the  body,  including  migration. 
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proliferation,  enzyme  secretion,  and  matrix  orientation.43,44 
In  bone  TE,  it  has  been  well  established  that  applying  ex¬ 
ternal  mechanical  stimuli  can  enhance  bone  tissue  forma¬ 
tion 45,46  It  has  been  shown  that  the  use  of  bioreactors 
provides  mechanical  stimulation  for  cells  to  accelerate  bone 
formation.  They  also  induce  fluid  flow  throughout  the  scaf¬ 
fold,  allowing  sufficient  nutrient  and  waste  exchange  to  in¬ 
crease  cell  viability  and  homogeneous  distribution  of  cells 
within  the  biomaterial 47-49  Various  types  of  bioreactors  such 
as  spinner  flask,  rotating  wall  vessel  reactor,  and  flow  per¬ 
fusion  have  been  used  to  apply  mechanical  stimulation  and 
fluid  flow  to  bone  tissue  constructs  and  compare  their  effects 
with  static  culture  conditions  48,49  In  one  study,  the  effect  of 
static  and  bioreactor  cultures  on  PCL/TCP  scaffolds  seeded 
with  human  fetal  MSC  was  investigated 48  Compared  to 
static  culture,  the  use  of  a  biaxial  rotating  bioreactor  signifi¬ 
cantly  increased  proliferation  and  osteogenic  differentiation 
both  in  vitro  and  in  vivo ,  demonstrating  its  potential  for  bone 
TE  applications.48  In  another  study,  a  perfusion  flow  biore¬ 
actor  was  used  to  induce  media  perfusion  and  mechanical 
stimulations  in  a  3D  culture  condition  for  human  bone 
mesenchymal  stromal  cells  (hBMSC)  encapsulated  in  a 
polyurethane  scaffold.47  In  vitro  studies  indicated  that  the 
proliferation  and  differentiation  of  hBMSC  were  promoted 
when  perfusion  (lOmL/min)  and  on-off  cyclic  compressions 
mechanical  stimulation  (10%  strain)  were  applied  over  2 
weeks'  culture  47  These  results  demonstrate  that  perfusion 
and  mechanical  stimulation,  induced  by  using  bioreactor,  are 
promising  approches  to  enhance  bone  formation.  Mauney 
et  al.  also  demonstrated  that  the  application  of  cyclic  me¬ 
chanical  stimulation  promoted  osteogenic  differentiation  of 
MSCs  within  demineralized  bone  scaffolds.50  Their  devel¬ 
oped  bioreactor  system  closely  mimicked  the  in  vivo  me¬ 
chanical  signals  that  stimulate  osteoprogenitor  cells  to 
differentiate  into  osteoblasts  within  the  cortical  bone  surface. 
Ignatius  et  al  also  demonstrated  that  cyclic  uniaxial  me¬ 
chanical  strain  increased  multiple  gene  expressions  that  were 
involved  in  cell  proliferation,  matrix  production,  and  osteo¬ 
blastic  differentiation.51  Kaneuji  et  al.  demonstrated  that 
static  compressive  force  enhanced  the  expression  of  osteo- 
protegerin,  a  known  inhibitor  of  osteoclast  differentiation, 
which  resulted  in  the  promotion  of  bone  growth.46  It  was 
found  that  both  osteoblasts  and  osteocytes  respond  to  me¬ 
chanical  stress  by  regulating  osteoclastogenesis  46  In  another 
study,  Forwood  et  al  showed  that  dynamic  load  with  a 
magnitude  of  65  N  increased  bone  formation  rate  and  pro¬ 
duced  the  highest  osteogenic  response 52  However,  they 
found  that  applying  dynamic  load  did  not  affect  the  rate  of 
bone  formation  until  after  5  days  of  culture.52  Van  Eijk  et  al 
verified  the  application  of  the  load  during  the  first  5  days  of 
culture  had  a  negative  effect  on  cell  proliferation  and  dif¬ 
ferentiation,  while  after  day  5,  the  mechanical  stimulation 
induced  alignment,  proliferation,  and  differentiation  of  bone 
marrow  cells.53  These  findings  suggested  that  the  temporal 
regulation  of  the  applied  load  plays  a  crucial  role  in  regu¬ 
lating  cell  responses. 

The  use  of  mechanical  stimulation  to  modulate  MSC  dif¬ 
ferentiation  and  osteocyte  behavior  has  been  well  explored. 
However,  to  improve  upon  this  strategy  it  may  be  crucial  to 
understand  how  mechanical  stimulation  would  affect  ECs 
and  their  ability  to  form  blood  vessels  in  vitro.  It  has  been 
shown  that  the  initiation  and  progression  of  angiogenesis 


processes,  as  well  as  ECs  function,  are  affected  by  hemody¬ 
namic  forces,  which  are  exerted  by  blood  flow  (cyclic  strain 
and  shear  stress).54,55  For  example.  Von  Offenberg  Sweeney 
et  al  showed  an  increase  in  bovine  aortic  endothelial  cell 
(BAEC)  migration  and  tube  formation  as  a  function  of  applied 
strain,54  while  Li  et  al  found  that  BAEC  proliferation  was 
critically  regulated  by  cyclic  strain.55  Additionally,  Iba  et  al 
demonstrated  that  cyclic  strain  influenced  in  vitro  ECs  align¬ 
ment  and  elongation  by  a  mechanism  dependent  on  the  or¬ 
ganization  and  network  of  actin  filaments.56  Furthermore, 
Azuma  et  al  conducted  a  study  to  evaluate  how  BAECs  re¬ 
spond  to  cyclic  strain  versus  shear  stress.  They  found  a  more 
robust  and  rapid  activation  of  mechanoreceptors  in  response 
to  shear  stress  than  to  cyclic  strain,  indicating  that  the  type  of 
mechanical  force  determines  which  mitogen-activated  protein 
kinases  are  activated.57  These  studies  provide  evidence  that 
mechanical  stimuli  not  only  affect  osteogenesis  but  can  also  be 
utilized  to  initiate  and  regulate  the  process  of  angiogenesis 
and  consequently  lead  to  the  formation  of  blood  vessels. 

Evidence  from  previous  works  shows  that  applying 
mechanical  signals  can  help  regulate  one  biological  process, 
but  like  for  any  other  in  vivo  phenomena,  isolated  responses 
do  not  occur.  Few  investigators  have  begun  to  study  how 
mechanical  stimulation  would  affect  both  osteogenesis  and 
angiogenesis  concurrently.  Cheung  et  al  evaluated  the  rela¬ 
tionship  between  fluid  flow  and  osteocyte  apoptosis  and 
found  that  osteocytes,  exposed  to  fluid  flow,  were  protected 
from  apoptosis.58  Osteocyte  apoptosis  mainly  occurred  as 
a  result  of  reduced  interstitial  fluid  flow  and  preceded 
osteoclast  recruitment  and  activity 59  As  a  result,  the  co¬ 
localization  of  osteocyte  apoptosis  and  the  recruitment  of 
osteoclasts  at  the  remodeling  site  promoted  angiogenesis, 
since  the  apoptosis  of  the  osteocytes  increased  the  release  of 
VEGF.  Cheung  et  al  also  demonstrated  that  apoptotic  oste¬ 
ocytes  promoted  EC  proliferation,  migration,  and  tubule 
network  formation.58  This  study  suggested  that  by  regulat¬ 
ing  fluid  flow,  it  is  possible  to  modulate  osteocyte  apoptosis 
and  promote  vascularization  in  a  VEGF-mediated  manner. 
In  another  study,  Li  et  al  developed  a  mechanical  stimulator 
to  apply  periodic  compressive  load  and  evaluate  VEGF  de¬ 
livery  from  alginate  microparticles.60  It  was  found  that  pe¬ 
riodic  compression  accelerated  VEGF  release  from  alginate 
microspheres  compared  to  noncompressed  samples.  More¬ 
over,  the  applied  load  enhanced  the  expression  of  matrix 
metalloproteinase  (MMP)-2  and  -9  in  HUVECs  that  were 
cultured  on  a  demineralized  bone  scaffold  containing  VEGF 
alginate  microspheres.  The  increased  expression  of  MMPs 
suggested  that  enhanced  release  of  VEGF  under  applied 
compressive  load  is  crucial  in  HUVEC  activation  and  an¬ 
giogenesis  promotion.  The  results  of  these  studies  illustrate 
the  efforts  toward  combining  TE  strategies  to  further  im¬ 
prove  engineered  constructs  and  to  develop  more  complex 
tissue  substitutes. 

Utilization  of  suitable  biomaterials 

Another  classical  bone  TE  approach  is  to  select  a  suitable 
biomaterial  scaffold  that  provides  structural  support  for  3D 
bone  tissue  formation.61  The  properties  of  scaffolds  can  be 
tailored  in  order  to  induce  and  direct  cellular  attachment, 
proliferation,  migration,  and  differentiation,62  making  them 
prominent  tools  in  the  bone  TE  field.  Table  1  summarizes 
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Table  1.  Examples  of  Biomaterials  Used  for  the  Regeneration  of  Vascularized  Bone  Tissue 


Biomaterial 

Pore  size 
(/am) 

Porosity 

(%) 

Application 

Refs. 

PLG 

250-425 

— 

VEGF  delivery  and  regeneration  of  vascularized  bone  tissue 

189 

PLG 

— 

— 

Sustained  dual  delivery  of  VEGF  and  PDGF  resulted  in  highly  dense 
and  mature  vessels 

32 

Starch/ PCL 

250 

77 

Human  osteoblast-like  cells  in  vitro 

190 

PLGA 

25-400 

95 

MSC  and  VEC  in  vitro  coculture,  followed  implantation  in  bilateral 
thigh  defects  in  rat. 

191 

— 

— 

Single  hESC  culture  enhanced  osteogenesis 

192 

— 

— 

hESC  and  BMP  achieved  bone  formation 

193 

— 

— 

Sustained  release  of  VEGF  resulting  in  revascularization  with  stable 
vessels 

20 

Gelatin 

— 

— 

Sustained  release  of  BMP-2  increased  BSP  expression  of  hMSCs 

19 

— 

— 

Dual  delivery  of  VEGF  and  BMP-2  stimulated  blood  vessel  formation 
and  augmented  osteogenic  response 

33 

Alginate 

— 

— 

Compressive  load  accelerated  VEGF  delivery  and  promoted  MMP 
expression  in  HUVECs 

60 

Chitosan/  polyester 

— 

— 

Osteogenic  differentiation  of  hMSCs 

194 

Fiydroxyapatite 

90-600 

— 

Ectopic  bone  formation  in  rat 

131,195 

300-700 

72-74 

Vascular  formation  after  implantation  in  Fascia  lumbodorsalis  defect 
in  rabbit 

136 

PCL  /  hydroxyapatite 

— 

80 

MSC  and  ECs  in  vitro  coculture  followed  implantation  in  femur  defects 
in  mice. 

196 

355-600 

83 

Coculture  of  ECs  and  osteoblasts  promoted  vascularization 
and  osteogenesis  and  resulted  in  stable  vessel-like  structures 

40 

(3-TCP 

— 

— 

Coculture  of  MSC-derived  ECs  and  MSCs  induced  vascularized  bone 
formation  in  vivo 

41 

PLGA/  (3-TCP 

125-150 

80-88 

Rabbit  calvarial  defect 

123 

Polymeric 

foams  containing 
hydroxyapatite 

40-100 

70-97 

Rat  osteoblast  in  vitro 

130 

Polyurethane 

300-2000 

85 

Regeneration  of  bicortical  defects  in  the  iliac  crest  of  estrogen-deficient 
sheep 

77 

PDGF,  platelet-derived  growth  factor;  BMP,  bone  morphogenetic  protein;  VEGF,  vascular  endothelial  growth  factor;  ECs,  endothelial  cells; 
hMSC,  human  mesenchymal  stem  cells;  BSP,  bone  sialoprotein;  PLGA,  poly  (lactic-co-glycolic  acid);  HUVECs,  human  umbilical  vein 
endothelial  cells;  [3-TCP,  (3-tricalcium  phosphate;  PCL,  polycaprolactone;  MMP,  matrix  metalloproteinase;  PLG,  poly  (L-lactide-co-glycolide); 
hESC,  human  embryonic  stem  cell. 


examples  of  various  biomaterials  and  their  vascularization 
potential  for  bone  tissue  constructs. 

Even  though  the  use  of  biomaterial  scaffolds  in  bone  TE 
has  shown  success  for  bone  regeneration,  there  are  still  some 
limitations.  For  example,  lack  of  de  novo  tissue  growth  in  3D 
scaffolds  remains  a  major  limitation  in  clinical  applications  of 
engineered  scaffolds  for  bone  repair.  The  limited,  peripheral 
bone  tissue  formation  is  mainly  due  to  insufficient  nutrient 
and  oxygen  delivery  and  metabolic  waste  removal  within  the 
3D  structure  of  the  scaffolds.63,64  This  is  more  profound 
under  static  culture  conditions,  where  the  high  cell  density 
on  the  outer  surfaces  of  the  scaffolds  may  result  in  dimin¬ 
ished  nutrient  supply  to  the  cells  located  inside  the  scaf¬ 
folds.  Consequently,  the  cells  at  the  center  of  the  constructs 
would  be  subjected  to  nutrient  deprivation  and  ultimately 
necrosis,  which  hinders  the  success  of  engineered  constructs 
for  bone  regeneration.11,40  In  the  absence  of  an  intrinsic 
capillary  network,  the  engineered  tissues  can  only  have  a 
maximum  thickness  of  150-200  pm;  dimensions  larger 
than  this  threshold  may  result  in  lack  of  oxygen  inside  the 
biomaterials.65 

In  bone  TE,  biomaterial  scaffolds  serve  as  templates  for 
bone-forming  cell  growth  as  well  as  the  establishment  of  a 


vascular  system.  Vasculature  is  formed  through  adhesion, 
migration,  and  functionality  of  ECs  seeded  within  the  scaf¬ 
fold.  In  fact,  simultaneous  in  vitro  culture  of  ECs  and  osteo¬ 
blasts  in  a  suitable  scaffold  can  aid  in  the  establishment 
of  microcapillary-like  networks  within  the  constructs.  The 
scaffold  type  and  its  properties  play  an  important  role  in 
bone  tissue  formation  as  well  as  vascular  network  creation. 
The  ability  to  fabricate  scaffolds  with  the  appropriate  prop¬ 
erties  can  help  facilitate  the  formation  of  vasculature  within 
the  engineered  bone  constructs. 

Biomaterial  selection.  Biomaterial  selection  is  a  critical 
factor  in  bone  TE  as  the  properties  of  scaffold  mainly  depend 
on  the  nature  of  the  biomaterial.  A  variety  of  materials  has 
been  used  in  bone  TE,  including  metals,  ceramics,  synthetic 
and  natural  polymers,  and  composites.  The  utilization  of 
each  individual  material  has  been  well  explored  by  many 
investigators;  however,  the  ability  to  identify  the  best  bio¬ 
material  for  bone  TE  applications  is  a  difficult  task,  since 
each  material  has  inherent  drawbacks.  Metals  such  as  tita¬ 
nium,  stainless  steel,  and  cobalt-chromium  can  be  used  as 
biocompatible,  strong,  and  inexpensive  materials  for  bone 
repair.  FFowever,  metals  are  not  biodegradable  and  have 
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higher  moduli  than  that  of  natural  bone,  which  induces 
stress  shielding.66,67  Ceramics  and  biodegradable  polymers 
have  been  investigated  as  alternative  scaffolds  for  bone  TE 
applications.  Bioceramics  such  as  hydroxyapatite  and  (3-TCP 
have  been  widely  used  for  bone  repair  due  to  their  excellent 
bioactivity,  which  is  attributed  to  their  structural  and  com¬ 
positional  similarity  with  the  mineral  phase  of  bone.68  The 
bioactivity  of  ceramics  facilitates  the  attachment  of  osteo- 
progenitor  cells  seeded  on  the  surface  and  production  of 
bone  ECM.69  In  spite  of  numerous  advantages,  the  brittleness 
and  low  mechanical  properties  of  ceramics  may  result  in 
their  fracture  upon  applying  load,  making  them  unsuitable 
for  the  regeneration  of  large  bone  defect.70-72  In  addition,  the 
low  degradation  rate  of  bioceramics  (e.g.,  hydroxyapatite) 
hinders  the  substitution  of  the  scaffold  with  newly  formed 
tissue  after  implantation.  Although  the  fabrication  of 
hydroxyapatite/ (3-TCP  composite  scaffolds  (known  as  bi- 
phasic  calcium  phosphate  [BCP])  increases  the  degradation 
rate,  the  BCP  scaffolds  still  remain  in  the  body  for  several 
months,  which  is  longer  than  the  required  time  for  bone 
healing  (a  few  weeks).69 

Biodegradable  polymers  are  ideal  materials  to  use  as  al¬ 
ternatives  to  metals  and  ceramics  for  the  development  of 
bone  TE  scaffolds.73  Their  wide  use  for  bone  repair  is  due  to 
their  remarkable  properties,  including  biocompatibility, 
tunable  degradation,  processability,  and  versatility.69  Poly¬ 
mers  are  divided  in  two  groups  of  natural  and  synthetic. 
Among  synthetic  polymers,  poly  (a-hydroxy)  esters,  such  as 
poly  (lactic  acid),74  poly  (glycolic  acid),75  PLGA,76  and 
polyurethanes,77,78  have  been  widely  utilized  for  bone  re¬ 
generation.  Other  synthetic  polymers  that  are  of  interest  for 
bone  repair  are  poly  (propylene  fumarate)  (PPF),79-82  poly¬ 
anhydride,83,84  and  poly  (ethylene  oxide) /poly  (butylene 
terephthalate)  copolymers.85,86  Synthetic  biodegradable 
polymers  have  higher  mechanical  properties  than  natural 
polymers  and  can  be  easily  processed.  It  is  also  possible  to 
fabricate  synthetic-based  polymeric  scaffolds  with  tunable 
properties,  such  mechanical  stiffness  and  pore  characteris¬ 
tics,  to  create  an  optimal  environment  for  cell  proliferation, 
vascularization,  and  new  bone  formation.  However,  the  in¬ 
trinsic  hydrophobicity  and  lack  of  cell-recognition  sites 
within  the  structures  of  some  synthetic  polymers  obstruct 
cellular  penetration,  adhesion,  and  growth  within  the  scaf¬ 
fold.  Natural  polymers  can  interact  with  cells  to  regulate  or 
direct  their  function.  However,  they  have  lower  mechanical 
properties  compared  to  synthetic  polymers.  Common  bio¬ 
polymers  used  for  bone  regeneration  include  collagen,87  silk 
fibroin,88  chitosan,30,89  starch,90,91  hyaluronic  acid,92  and 
polyhydroxyalkanoates.93,94 

Hydrogels  are  polymeric  networks  that  have  the  ability  to 
absorb  and  retain  a  large  volume  of  water  (80%-99%).95 
Hydrogels  can  be  made  from  natural  biodegradable  poly¬ 
mers  such  collagen,  chitosan,  and  gelatin,  or  synthetic 
polymers  such  as  polyethylene  glycol  (PEG)  and  polyvinyl 
alcohol.96,97  Their  remarkable  properties,  including  similari¬ 
ties  with  the  ECM,  proper  biological  performance,  hydro- 
philicity,  high  permeability  to  oxygen  and  nutrients,  and 
inherent  cellular  interaction  capabilities,  make  them  leading 
candidates  for  engineered  tissue  scaffolds.95  However,  they 
are  mechanically  weak  and  unable  to  support  significant 
loads  experienced  by  bone  tissue  in  vivo.  Various  methods 
have  been  applied  to  enhance  the  mechanical  properties  of 


hydrogels,  such  as  crosslinking  (chemical,  physical,  or 
UV)98,99  or  blending  with  other  polymers.100-102 

Limitations  of  individual  materials  have  led  investigators 
toward  exploring  ways  to  improve  biomaterial  characteris¬ 
tics,  such  as  combining  natural  polymers  with  synthetic 
polymers  to  create  a  balance  between  biological  signals 
and  mechanical  properties.103-106  For  instance,  Annabi  et  al. 
developed  a  two-stage  solvent-free  dense  gas  technique 
to  produce  porous  3D  structures  of  natural  /synthetic  poly¬ 
meric  composites.107  In  the  first  stage,  a  gas-foaming /salt- 
leaching  process  was  used  to  create  large  pores  with  an 
average  pore  size  of  540  ±  21  pm  in  a  PCL  matrix.  The  pores 
of  PCL  scaffolds  were  then  filled  with  crosslinked  elastin 
under  high  pressure  C02  to  form  an  elastin  structure  (aver¬ 
age  pore  size  ~50pm)  within  the  macroporous  PCL  scaf¬ 
folds.  The  addition  of  elastin  within  the  pores  of  PCL 
scaffolds  improved  the  cellular  attachment  and  proliferation 
within  the  constructs.  The  use  of  PCL  also  increased  the 
compressive  modulus,  from  0.001  MPa  for  the  pure  elastin 
hydrogel,  to  1.3  MPa.107  A  study  conducted  by  Nguyen  et  al. 
demonstrated  that  the  mechanical  strength  of  natural  poly¬ 
mers,  such  as  chondroitin  sulfate  (82.4  kPa)  and  hyaluronic 
acid  (31.5  kPa),  could  be  improved  to  118  and  331  kPa,  re¬ 
spectively,  by  incorporating  PEG,  a  synthetic  polymer.104 
Additionally,  polymers  have  been  combined  with  ceramics 
to  overcome  the  drawbacks  of  each  individual  material  and 
provide  composites  that  are  suitable  for  osteogenic  applica¬ 
tions.  For  example,  it  was  reported  that  the  compressive 
modulus  of  a  hydroxyapatite  scaffold  increased  from  0.2  to 
0.5  MPa  when  it  was  coated  with  PCL  to  create  a  hydroxy¬ 
apatite /PCL  composite.108  Another  study  by  Kang  et  al.  also 
reported  that  infiltration  of  PLGA  significantly  increased  the 
compressive  strength  of  [3-TCP  scaffolds  from  2.9  to  4.2  MPa, 
and  toughness  from  0.2  to  1.4  MPa,  while  retaining  an  in¬ 
terconnected  and  highly  porous  structure.109  In  addition, 
Lickorish  et  al.  found  that  coating  a  collagen  scaffold  with 
hydroxyapatite  could  improve  the  attachment  and  prolifera¬ 
tion  of  rabbit  periosteal  cells  due  to  the  formation  of  a  bio¬ 
active  apatite  layer  on  the  surface  of  the  scaffold.110  The 
combination  of  natural  and  synthetic  polymers  with  ceramics 
has  been  also  used  in  bone  TE.  Chen  et  al.  developed  a  process 
to  fabricate  PLGA/collagen/ apatite  scaffolds  with  a  porosity 
of  91%  and  pore  sizes  between  355  and  422  pm  for  bone  re¬ 
generation.  In  this  technique,  a  porous  structure  of  PLGA  was 
first  fabricated  by  using  a  salt-leaching  process.  Collagen  mi¬ 
crosponges  were  then  formed  in  the  pores  of  PLGA  scaffold, 
followed  by  apatite  particulate  deposition  on  the  surface  of 
the  microsponges.  The  use  of  PLGA  improved  the  mechanical 
integrity  of  the  scaffold  and  incorporation  of  collagen  resulted 
in  the  uniform  deposition  of  apatite  particles  throughout  the 
scaffold,  which  enhanced  bone  formation.111 

Scaffold  properties.  In  bone  TE,  scaffolds  serve  as 
temporary  structural  supports  for  cell  interactions  and  for¬ 
mation  of  bone  ECM.  Additionally,  bone  TE  scaffolds  have 
been  used  to  deliver  growth  factors  encapsulated  within 
their  structures,112  and  in  some  cases  they  have  facilitated 
vascularization  of  neo-tissue.113,114  In  general,  more  suc¬ 
cessful  biomaterial  scaffolds  for  bone  TE  are  biodegradable, 
biocompatible,  porous,  and  possess  sufficient  mechanical 
strength  for  load-bearing  applications.  The  scaffold  charac¬ 
teristics,  including  porosity,  average  pore  size,  and 
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mechanical  stiffness,  have  been  shown  to  influence  cell  survival, 
signaling,  growth,  gene  expression,  and  phenotype.115-118 
Many  investigators  have  attempted  to  manipulate  these 
properties  to  fabricate  constructs,  which  mimic  bone  mor¬ 
phology,  structure,  and  function.69 

The  pore  architecture  of  scaffold  in  terms  of  porosity,  av¬ 
erage  pore  size,  and  pore  interconnectivity  is  crucial  for  cell 
survival,  proliferation,  and  formation  of  3D  bone  tissue 
in  vitro  and  in  vivo.119  The  porosity  of  a  scaffold  can  affect 
osteoblast  proliferation  and  the  extent  of  osteogenesis  during 
bone  regeneration120;  thus,  manipulating  the  porosity  of  the 
scaffold  can  improve  scaffold  function.  Kuboki  et  al.  reported 
that  osteogenesis  occurred  when  using  a  porous  hydroxy¬ 
apatite  scaffold  as  a  BMP-2  carrier  in  a  rat  ectopic  model. 
However,  no  bone  formation  was  observed  when  nonporous 
solid  hydroxyapatite  particles  were  used  as  the  BMP-2  car¬ 
riers.121  In  addition,  scaffolds  with  highly  porous  surfaces 
enhance  mechanical  interconnection  between  the  implanted 
biomaterial  and  surrounding  bone  tissue,  resulting  in  higher 
mechanical  stability  at  the  implant/bone  tissue  interface.122 
Higher  porosity  and  larger  pore  sizes  have  been  also  shown 
to  allow  for  in  vivo  bone  ingrowth  and  vascularization.  Roy 
et  al.  found  that  in  a  PLGA/  p-TCP  composite  scaffold  with  a 
porosity  gradient  from  80%  to  88%,  bone  tissue  formation 
was  enhanced  in  the  region  with  higher  porosity  after  im¬ 
plantation  in  rabbit  craniums.123  Kruyt  et  al.  also  demon¬ 
strated  higher  proliferation  of  goat  bone  marrow  stromal 
cells  in  hydroxyapatite  scaffolds  with  70%  porosity  and  an 
average  pore  size  of  800  pm  compared  to  those  with  60% 
porosity  and  an  average  pore  size  of  700  pm  during  a  6-day 
ex  vivo  culture.124  However,  in  vitro  osteogenesis  has  been 
shown  to  increase  with  lower  porosity.  Takahashi  et  al.  fab¬ 
ricated  nonwoven  fabrics  from  polyethylene  terephthalate 
(PET)  with  porosities  ranging  from  93%  to  97%.125  They  re¬ 
ported  that  higher  porosity  (97%)  allowed  for  sufficient  ox¬ 
ygen  and  nutrient  delivery  within  the  scaffold,  which 
resulted  in  an  increase  in  the  proliferation  rate  of  rat  MSCs. 
In  contrast,  MSCs  cultured  on  PET  scaffolds  with  lower  po¬ 
rosity  (93%)  exhibited  higher  osteogenic  differentiation.125 
These  results  demonstrated  that  scaffold  porosity  could  be 
manipulated  for  better  control  and  modulation  of  cellular 
behavior  and  function  within  the  scaffold. 

In  addition  to  porosity,  the  average  pore  size  of  the  scaf¬ 
fold  greatly  affects  bone  formation  and  the  creation  of  a 
vascular  network,  and  can  also  be  manipulated  to  produce 
the  desired  outcomes.  Pores  are  necessary  for  bone  tissue 
formation  as  they  allow  for  cell  migration  and  ingrowth,  and 
nutrient  diffusion  for  cell  survival.  In  general,  scaffolds  with 
pore  sizes  larger  than  50  pm  can  allow  for  both  delivery  of 
nutrients  and  oxygen  and  removal  of  metabolic  waste,  but 
can  also  result  in  lower  cellular  attachment  and  intracellular 
signaling,  while  scaffolds  containing  pore  sizes  smaller  than 
10  pm  have  the  opposite  effects.126  Therefore,  the  fabrication 
of  scaffolds  containing  both  macropores  and  micropores  can 
be  beneficial  for  bone  formation  and  vasculature  creation.127 
The  initial  study  by  Hulbert  et  al.  demonstrated  that  opti¬ 
mum  pore  sizes  should  be  larger  than  100  pm  for  regenera¬ 
tion  of  vascularized  bone  tissue.128  In  this  study,  calcium 
aluminate  cylindrical  pellets  with  46%  porosity  and  various 
pore  sizes  in  the  range  of  10-200  pm  were  implanted  in  dog 
femorals  to  investigate  the  effect  of  pore  size  on  bone  for¬ 
mation.  They  found  that  large  pores  (>200  pm)  enhanced 


bone  ingrowth  and  vascular  formation,  while  smaller  pores, 
in  the  range  of  75-100pm,  resulted  in  formation  of  un¬ 
mineralized  osteoid  tissue.128  Further  decrease  in  the  pore 
sizes  of  the  scaffolds  ( <  75  pm)  led  to  the  formation  of  fibrous 
connective  tissue  after  12  weeks  of  implantation.128  Narayan 
et  al.  also  demonstrated  that  the  average  pore  size  and  in¬ 
terpore  distance  of  PLGA  scaffold  significantly  influenced 
EC  growth.129  They  reported  that  EC  growth  was  enhanced 
on  smaller  pore  sizes,  in  the  range  of  5-20  pm,  with  lower 
interpore  distance.129  In  another  study,  Akay  et  al.  reported 
that  the  proliferation  of  primary  rat  osteoblasts  seeded  into  a 
porous  polymeric  scaffold  containing  hydroxyapatite  was 
enhanced  when  the  average  pore  size  of  scaffold  was  less 
than  40  pm.130  Osteoblasts  were  shown  to  penetrate  faster 
within  the  scaffolds  containing  large  pores  (>100  pm);  how¬ 
ever,  the  extent  of  mineralization  was  not  affected  by  the 
pore  size.130  Kuboki  et  al.  showed  that  higher  bone  formation 
occurred  in  porous  hydroxyapatite  scaffolds  with  pore  sizes 
in  the  range  of  300-400  pm  after  4  weeks  of  implantation  in 
rat.131  This  was  explained  by  the  rapid  vascularization 
within  the  implanted  scaffolds,  which  provided  a  proper 
microenvironment  for  osteogenesis.131  These  results  indicate 
that  the  average  pore  size  of  scaffolds  can  be  manipulated  to 
potentially  improve  the  formation  of  bone  and  vascular 
networks  in  bone  TE. 

In  addition  to  porosity  and  average  pore  size,  pore  inter¬ 
connectivity  within  scaffolds  also  plays  an  important  role 
in  bone  tissue  formation.  Lack  of  pore  interconnection  can 
lead  to  poor  nutrient  and  oxygen  delivery  as  well  as  limited 
waste  removal  from  the  scaffold.132  This  may  inhibit  cellular 
growth  within  the  biomaterial  even  if  it  is  highly  porous. 
Gomes  et  al.  studied  the  effect  of  pore  interconnectivity  and 
flow  perfusion  on  the  proliferation  and  osteogenic  differen¬ 
tiation  of  rat  BMSCs  seeded  on  two  starch-based  scaffolds 
with  different  pores  interconnectivities.133  It  was  found  that 
under  perfusion  flow,  higher  cell  distribution  was  observed 
within  the  scaffolds  with  higher  degree  of  pore  inter¬ 
connectivity  compared  to  those  with  limited  pore  intercon¬ 
nects.  Cells  were  not  able  to  spread  throughout  the  interior  of 
the  scaffold  with  low  pore  interconnectivity.133  In  another 
study,  the  effect  of  pore  interconnections  within  silk  fibroin 
scaffolds  seeded  with  MSCs  was  investigated.134  It  was 
shown  that  the  variation  of  pore  interconnectivities  had  no 
significant  effects  on  ALP  expression  and  calcium  deposition 
after  4  weeks  of  culture;  however,  cellular  penetration  and 
in  vitro  bone  formation  were  significantly  affected  by  scaffold 
interconnectivity.  Silk  scaffolds  with  highly  interconnected 
pores  allowed  for  homogenous  mineralization  and  formation 
of  bone-like  tissue,  while  scaffolds  with  low  degree  of  in¬ 
terconnectivity  resulted  in  cellular  growth  only  at  the  surface 
of  the  scaffolds.134  Pamula  et  al.  also  showed  that  although 
gene  expression  levels  of  vinculin,  (3-actin,  osteopontin, 
and  osteocalcin  were  not  affected  by  changing  poly  (L- 
lactide-co-glycolide)  scaffold  interconnectivities,  faster  colo¬ 
nization  was  observed  in  scaffolds  with  higher  degree  of 
interconnectivity.135  Increasing  the  pore  sizes  and  pore  in¬ 
terconnectivities  of  scaffolds  promoted  proliferation  of  HOBs 
(MG-63)  that  were  seeded  on  scaffolds  up  to  7  days  of  cul¬ 
ture;  however,  these  differences  disappeared  after  15  days  of 
culture.135 

The  average  pore  size  and  pore  interconnectivity  of  scaf¬ 
folds  have  been  also  shown  to  affect  vascularization  within 
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bone  tissue-engineered  constructs.136,137  Bai  et  al.  used  a 
combined  temp  late /casting  technique  to  fabricate  macro- 
porous  (3-TCP  scaffolds  with  controlled  pore  size  and  inter¬ 
connections  for  vascularized  bone  tissue  formation.136  They 
showed  that  the  pore  architecture  of  the  scaffold  could  affect 
vascularization  when  using  a  rabbit  model.  It  was  found  that 
increasing  the  pore  interconnectivity  of  the  scaffold  resulted 
in  an  increase  in  the  size  and  number  of  the  blood  vessels 
formed  within  the  macroporous  scaffold,  while  an  increase 
in  scaffold  pore  size  led  to  an  augmentation  in  the  size  of 
blood  vessels  grown  within  the  bioceramics.  Scaffolds  with 
pore  sizes  smaller  than  400  pm  were  shown  to  limit  the 
growth  of  blood  vessels  within  the  biomaterial,  while  in¬ 
creasing  the  pore  size  above  this  value  had  no  significant 
effect  on  vascular  formation,  suggesting  an  optimized  pore 
size  of  400  pm  for  vascularization.136  Ghanaati  et  al.  also 
demonstrated  that  the  pore  size,  porosity,  and  shape  of 
(3-TCP  bone  substitutes  influenced  the  integration  of  the 
biomaterial  within  the  defect  site  as  well  as  vascularization 
rate,  following  implantation  in  Wistar  rats.137  The  results  of 
in  vivo  studies  demonstrated  that  although  high  porosity 
(80%)  allowed  the  penetration  and  growth  of  cells  within  the 
center  of  bone  substitutes,  the  rate  of  vascularization  was 
enhanced  when  the  porosity  of  scaffold  decreased  from  80% 
to  40%.  Ten  days  after  implantation,  the  vascularization  of 
scaffolds  with  low  porosity  was  significantly  higher  than 
those  with  a  high  degree  of  porosity.137  In  another  study, 
Klenke  et  al.  studied  the  effect  of  pore  size  on  the  vascular¬ 
ization  and  osseointegration  of  ceramic  scaffolds  in  vivo.138 
Porous  ceramic  scaffolds  were  fabricated  by  using  a  particle- 
leaching  process  with  naphthalene  particles  followed  by 
sintering.  The  fabricated  ceramic  scaffold  had  pores  in  the 
range  of  40-280  pm,  depending  on  the  sizes  of  naphthalene 
particles  used  during  scaffold  preparation.  It  was  found  that 
increasing  the  pore  sizes  of  the  scaffolds  promoted  vascular 
network  formation  within  the  material  after  implantation  in 
mice.  Vessel  formation  also  occurred  earlier  in  scaffolds  with 
pore  sizes  larger  than  140  pm.138  In  addition,  the  functional 
capillary  density,  which  indicated  microvascular  perfusion 
within  the  materials,  increased  when  the  pore  sizes  of  the 
scaffold  exceeded  140  pm.  The  volume  of  newly  formed  bone 
tissues  within  the  implant  was  also  increased  two-fold  when 
the  pore  sizes  increased  from  40  to  280  pm.  These  results 
demonstrate  that  the  pore  characteristics  of  the  scaffolds  play 
an  important  role  in  vascularization  and  osseointegration  of 
bone  substitutes. 

Gradient  biomaterials.  Gradient  biomaterials  are  scaf¬ 
folds  whose  compositions  and  physical  properties  (e.g., 
stiffness,  porosity,  and  topology)  vary  gradually  and  spa¬ 
tially.139  A  physical  gradient  is  one  characteristic  that  exists 
in  several  tissues,  such  as  teeth,  articular  cartilage,  and  bone, 
as  well  as  interfaces  between  different  tissues,  such  as  liga- 
ment-to-bone,  cartilage- to-bone,  and  tendon-to-bone. 139,140 
Bone  tissue  varies  from  a  stiff  and  compact  external  structure 
(porosity  5%-30%),  to  a  spongy  internal  configuration  (po¬ 
rosity  30%-90%).141  This  gradient  structure  provides  me¬ 
chanical  support  to  external  loads  while  acting  as  a  reservoir 
for  bone  marrow.  Fabricating  gradient  scaffolds  that  mimic 
the  microstructure  of  natural  bone  can  potentially  improve 
and  enhance  the  formation  of  new  bone  tissue.  In  addition, 
the  use  of  gradient  scaffolds  for  bone  TE  can  also  potentially 


increase  the  rate  of  vascularization  and  ingrowth  of  host 
vessels  into  the  entire  scaffold  following  implantation. 

Generation  of  bone  TE  scaffolds  with  controlled  spatial 
gradients  provides  a  powerful  tool  for  studying  cell-bio¬ 
material  interactions  in  bone  XE. 142,143  These  gradient  mate¬ 
rials  can  improve  cellular  functions,  including  migration, 
signaling,  proliferation,  spreading,  and  differentiation.  For 
example,  the  presence  of  a  stiffness  gradient  has  been  shown 
to  promote  osteoblast  development  and  function.127  In  one 
study,  Marklein  and  Burdick  fabricated  a  methacrylated 
hyaluronic  acid  scaffold  with  a  15-mm-long  gradient  in 
elastic  modulus,  ranging  from  3  to  90  kPa.  It  was  shown  that 
hMSCs  exhibited  increased  spreading  and  proliferation  rates 
on  the  stiffer  regions  of  scaffold  compared  to  softer  sec¬ 
tions.144  In  another  study.  Oh  et  al.  demonstrated  that  gra¬ 
dients  in  pore  sizes  and  porosities  could  also  influence 
cellular  growth  and  bone  tissue  formation.126  In  this  study, 
PCL  scaffolds  containing  gradients  in  pore  size  ranging  from 
88  to  405  pm  and  porosity  in  the  range  of  80%-94%  were 
fabricated.  In  vitro  studies  demonstrated  that  the  growth  of 
osteoblast  cells  was  promoted  in  the  regions  with  pore  sizes 
in  the  range  of  380-405  pm.126  However,  4  weeks  after  im¬ 
plantation  in  rabbits,  the  scaffold  region  with  290-310  pm 
pore  size  exhibited  faster  bone  formation.126 

To  date,  various  methods  have  been  applied  to  create 
gradient  scaffolds  for  bone  substitution.139  Yang  et  al.  de¬ 
veloped  a  novel  template-casting  method  to  produce  highly 
interconnected  porous  calcium  phosphate  (CaP)-graded 
scaffolds  with  controlled  architecture,  composition,  and  ge¬ 
ometry.145-147  In  this  technique,  a  paraffin  template  was  first 
fabricated  by  filling  two  concentric  polyethylene  tubes  with 
paraffin  beads  of  two  different  sizes.  The  tubes  containing 
paraffin  beads  were  subsequently  heated  to  50°C  to  induce 
bead  coalescence  and  formation  of  a  unitary  mold  structure. 
The  CaP  slurry  was  cast  into  the  preformed  paraffin  tem¬ 
plate,  which  was  followed  by  solidifying,  drying,  and  sin¬ 
tering  processes  to  form  the  porous  CaP  scaffold.  Using  this 
technique,  a  graded  CaP  scaffold  consisting  of  a  dense  ex¬ 
ternal  structure  (~20%  porosity)  and  a  porous  central 
structure  (70%  porosity)  was  fabricated  (Fig.  3A,  B).147  It  was 
demonstrated  that  the  graded  CaP  scaffold  had  pore  archi¬ 
tectures  and  mechanical  properties  similar  to  natural  bone.  A 
porous  CaP  scaffold  loaded  with  BMP-2  was  implanted  into 
a  nude  mouse  to  evaluate  its  ability  to  enhance  bone  for¬ 
mation  and  healing.  It  was  found  that  the  porous  scaffolds 
loaded  with  BMP-2  induced  ectopic  bone  formation  after  1 
month  of  implantation  (Fig.  3C).  The  fabricated  porous 
scaffolds  were  also  used  as  BMP-2  carriers  to  induce  bone 
formation  in  a  1.5-cm  bone  defect  in  rabbit.  The  results  of 
radiography  and  micro-CT  imaging  exhibited  the  formation 
of  new  bone  tissue  after  1  month  (Fig.  3D-F),  demonstrating 
the  ability  of  fabricated  scaffolds  to  repair  various  bone  de¬ 
fect  models.146 

In  another  study,  PCL  scaffolds  with  pore  size  and 
porosity  gradients  were  formed  by  using  a  centrifuge 
method.126  In  this  technique,  a  porous  PCL  scaffold  was 
fabricated  by  centrifuging  a  cylindrical  mold  containing 
preformed  fibril-like  PCL,  followed  by  heat-induced  fibril 
bonding.  The  pore  size  and  porosity  of  the  fabricated 
scaffolds  gradually  increased  along  the  longitudinal  direc¬ 
tion,  due  to  the  gradual  increase  of  the  centrifugal  force 
along  the  cylindrical  axis  in  the  mold.126  The  pore  size 
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FIG.  3.  Digital  image  (A)  and  two-dimensional  micro-CT  image  (B)  of  calcium  phosphate-graded  scaffolds  fabricated  by 
using  templating-casting  method.  The  internal  part  of  scaffold  contained  pores  between  350  to  500  pm  in  diameter  and  the 
external  zone  contained  pores  between  600  and  800  pm  (adapted  with  permission  from  Ref.187).  (C)  Histology  images  of  bone 
morphogenetic  protein  (BMP)-2-induced  ectopic  bone  formation  in  porous  scaffold  one  month  after  implantation  in  nude 
mouse,  demonstrating  that  the  pores  of  scaffold  were  filled  with  newly  formed  bone,  which  is  observed  as  the  violet  stain. 
(D)  Radiography  and  (E)  longitudinal  micro-CT  images  of  scaffold-aided  bone  healing  at  one  month  after  implantation  in  a 
1.5-cm  bone  defect  in  rabbit.  (F)  Longitudinal  HE-stained  histological  image  of  a  nondecalcified  scaffold-bone  sample. 
Arrows  indicate  the  scaffold.  Color  images  available  online  at  www.liebertpub.com/ teb 


gradient  scaffolds  were  used  to  investigate  the  interaction 
between  different  cell  types  and  scaffolds.  It  was  found  that 
various  cell  types  required  different  pore  size  ranges  for 
effective  cellular  growth.  For  example,  chondrocytes  and 
osteoblasts  exhibited  improved  cell  growth  in  the  area 
of  scaffold  with  larger  pores,  while  fibroblast  cells  were 
shown  to  grow  better  in  scaffold  sections  containing  smaller 
pores.126 

The  fabrication  of  scaffold  containing  gradients  of  pore 
size,  porosity,  and  stiffness  that  mimic  the  complex  archi¬ 
tecture  of  bone  tissue  provides  a  powerful  tool  for  studying 
cell-biomaterial  interactions  to  accelerate  bone  tissue  regen¬ 
eration.  The  fabrication  of  these  complex  gradient  materials 
is  another  effort  toward  creating  bone  tissue  constructs,  and 
has  potential  to  facilitate  the  formation  of  a  bone-cartilage 
tissue  interface.  It  is  envisioned  that  the  fabrication  and  de¬ 
sign  of  gradient  biomaterials  will  open  a  new  avenue  for 
regenerating  vascularized  bone  tissues. 

Microfabrication  techniques 

The  previously  discussed  techniques  (i.e.,  growth  factors 
delivery,  using  a  coculture  system,  and  designing  of  novel 
biomaterials)  have  been  widely  used  to  improve  the  process 


of  vascularization  for  bone  TE.  However,  these  techniques 
usually  result  in  the  formation  of  randomly  organized  vessel 
networks  with  poor  integration  capability  within  the  host 
organism.  Therefore,  it  is  desirable  to  utilize  other  techniques 
to  preform  host-like  vessel  networks  within  the  cell-laden 
biomaterials.  In  the  following  sections,  we  discuss  different 
techniques  that  allow  development  of  more  organized  vessel 
networks  that  could  potentially  allow  for  the  better  integra¬ 
tion  with  the  host  tissue. 

Microfabrication  in  bone  TE.  Various  techniques  (e.g., 
electrospinning,  twin  screw  extrusion,  phase  separation,  and 
salt  leaching)  have  been  used  to  engineer  biomimetic  scaf¬ 
folds  for  bone  TE  applications.143,148-153  These  techniques  can 
be  used  to  control  the  properties  of  scaffolds  and  have  shown 
great  potential  for  engineering  bone  tissue  constructs.  In 
addition,  more  advanced  control  on  the  cell  microenviron¬ 
ment  has  been  achieved  through  various  microfabrication 
techniques.  Using  these  technologies,  it  is  possible  to  create 
microvasculature  within  engineered  tissues  to  further  im¬ 
prove  integration  with  the  host  tissue.154  Microscale  tech¬ 
nologies  are  the  continuation  of  semiconductor  and  circuit 
technology,  which  comprise  a  wide  range  of  processes  to 
develop  features  in  millimeter  to  submicrometer  scales.155 
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The  natural  microenvironment  of  the  cells  in  vivo  is  com¬ 
posed  of  numerous  discrete  chemical,  mechanical,  and  to¬ 
pographical  cues  at  the  micro-  and  nanoscale,  which  are 
believed  to  serve  as  signaling  mechanisms  to  control  cell 
function.156,157  Therefore,  it  may  be  possible  to  precisely 
control  the  cell  microenvironment  by  integration  of  biology 
and  microscale  technologies  in  order  to  create  engineered 
tissue  constructs  that  comprise  the  complexity  of  the  native 
tissue  architectures.158  To  date,  microscale  technologies  have 
been  widely  used  to  develop  substrates,  scaffolds,  or  bio¬ 
materials  with  specific  properties  to  meet  the  desired  criteria 
for  bone  TE  applications.  These  technologies  have  also  been 
employed  in  creating  preformed  vascular  networks  that  can 
be  ultimately  incorporated  within  the  biomaterials  to  deliver 
nutrition  and  oxygen  and  remove  the  waste  products  from 
the  encapsulated  cells. 

Standard  photolithography  and  soft  lithography  are 
among  the  common  techniques  that  have  been  applied  in 
patterning  biomaterials  to  create  cell-laden  engineered  tissue 
constructs.  Standard  photolithography  usually  requires  a 
light-sensitive  polymer  solution  containing  a  photoinitiator, 
a  photomask  layout,  and  a  UV  light  source.  The  photomask 
is  preprinted  with  the  desired  patterns  and  used  to  poly¬ 
merize  the  polymer  solution  by  exposing  the  patterned  areas 
to  UV  light.  The  UV  polymerization  results  in  the  cross- 
linking  of  the  polymer  solution  to  create  a  solid  hydrogel 
with  the  desired  patterns.  Soft  lithography  techniques  (i.e., 
microcontact  printing  and  micromolding  in  capillaries)  usu¬ 
ally  employ  an  elastomeric  stamp,  which  is  used  to  pattern 
the  biomaterials  with  the  desired  geometrical  features.  Major 
advantages  of  soft  lithography  include  simplicity  and  low 
cost,  since  these  techniques  do  not  require  expensive  clean 
room  facilities.  In  addition,  by  using  these  techniques,  it  is 
possible  to  create  patterns  on  a  variety  of  planar  or  nonpla- 


nar  substrates.155,159  Mata  et  al.  used  soft  lithography  to  cre¬ 
ate  microtextured  surfaces  on  polydimethylsiloxane  (PDMS) 
substrates  to  study  the  behavior  of  human  bone  marrow- 
derived  cells  (hBMDCs)  under  osteogenic  culture  conditions 
and  evaluate  their  osteoblastic  differentiation.  The  substrates 
were  comprised  of  microchannels  with  curved  surfaces 
separated  by  individual  ridges  (Fig.  4A).  Differentiation  of 
the  hBMDCs  toward  the  osteoblastic  phenotype  was  con¬ 
firmed  through  staining  for  ALP  activity.  On  flat  surfaces, 
hBMDCs  were  oriented  in  random  directions  forming  large 
colonies,  while  on  PDMS  microchannels,  the  cells,  which 
were  mostly  aligned,  migrated  along  the  channel  axis  and 
formed  colonies  with  higher  aspect  ratios  compared  to  those 
on  flat  surfaces.  This  technique  can  potentially  be  used  to 
improve  predesigned  platforms  and  create  implants  with 
precise  topographical  features  for  bone  TE  applications. 

Other  studies  have  used  microgrooves1 60-1 63and  tapered 
micropits164  as  suitable  topographies  to  address  the  current 
needs  in  bone  TE.  For  example,  Kirmizidis  et  al.  used  mi- 
crogrooved  features  fabricated  in  polycarbonate  to  enhance 
alignment  of  primary  calvarial  rat  osteoblast  cells.163  On 
grooves  with  7  pm  depth  and  10,  15,  and  30  pm  widths, 
osteoblast  cells  exhibited  a  significantly  improved  alignment 
compared  to  flat  surfaces.  Notably,  the  cells  maintained  their 
cell-cell  junctions  (evaluated  through  connexin43  gap  junc¬ 
tion  expression)  and  formed  multilayers  on  10-pm-wide 
grooves,  confirming  that  the  proposed  microscale  topographies 
can  be  potentially  used  in  designing  suitable  biomaterials 
for  orthopedic  implants.163  In  a  similar  work,  a  micromolding 
technique  was  employed  to  create  hydroxyapatite-based 
grooved  features  to  analyze  human  osteoblast  cell  alignment. 
The  finding  of  this  work  indicated  that  narrow  grooves  (20  pm 
width)  significantly  enhanced  cellular  orientation  and  align¬ 
ment  along  their  axis  compared  to  wider  grooves  (40-100  pm 


FIG.  4.  SEM  images  of 
previously  microfabricated 
platforms  for  bone  TE 
applications.  (A) 
Microfabricated  PDMS 
channels;  (B)  three- 
dimensional  scaffold 
fabricated  with  poly 
(propylene  fumarate);  (C) 
micropatterned  polyethylene 
glycol  (PEG)  hydrogel  on  flat 
silicon  surfaces;  and  (D) 
microfluidic  network 
fabricated  in 
polydimethylsiloxane 
(PDMS)  (adapted 
with  permission  from 
Refs.*6-168,188). 
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width).162  Another  study  showed  that  on  a  tapered  micropit 
topography,  rat  calvarial  osteoblasts  exhibited  spindle  line 
morphology  and  bridged  the  micropits,  forming  small  adhe¬ 
sion  sites,  while  mineralized  tissue  filled  the  area  of  the  mi¬ 
cropits  upon  in  vivo  implantation.163,164 

Rapid  prototyping  techniques  have  been  also  used  to  de¬ 
velop  3D  scaffolds  for  bone  TE  applications.  Mapili  et  al. 
demonstrated  a  layer-by-layer  microstereolithography  tech¬ 
nique  to  microfabricate  complex  and  spatially  patterned  poly 
(ethylene  glycol)  dimethacrylate  (PEGDMA)  hydrogels  with 
desired  microfeatures  for  bone  TE  applications.  Using  this 
technique,  it  was  possible  to  create  3D  constructs  with 
complex  architectures  and  spatially  distributed  biomole¬ 
cules  (i.e.,  fibronectin-derived  arginine-glycine-aspartic  acid 
[RGD]).  In  vitro  studies  demonstrated  enhanced  attach¬ 
ment  of  murine  bone  marrow-derived  stromal  cells  on  the 
surfaces  of  the  PEGDMA  scaffolds.165  A  similar  micro¬ 
stereolithography  technique  was  also  used  to  pattern  PPF  to 
create  a  3D  interconnected  scaffold  for  bone  TE  applications 
(Fig.  4B).166  The  surface  of  the  PPF  scaffold  was  modified 
using  biomimetic  apatite  and  RGD  to  support  cellular  ad¬ 
hesion  and  migration.  In  vitro  studies  demonstrated  that 
apatite-RGD-coated  scaffolds  provided  a  suitable  microen¬ 
vironment  for  the  proliferation  of  preosteoblasts  (MC3T3-E1) 
for  up  to  2  weeks.  In  another  study,  Subramani  et  al.  used 
standard  photolithography  and  microcontact  printing  to 
create  anti-adhesive  patterns  of  PEG  hydrogel  on  planar 
silicon  and  glass  surfaces  with  the  desired  geometrical  fea¬ 
tures  (Fig.  4C).167  They  seeded  rat  osteoblasts  on  the  pat¬ 
terned  substrates  and  found  increased  proliferation  within 
the  noncoated  regions.  Additionally,  the  incorporation  of  the 
VEGF  within  the  PEG  hydrogel  induced  osteoblast  migra¬ 
tion,  indicating  that  osteoblast  migration  can  be  controlled 
using  micropatterning  techniques.  The  ability  to  control  cel¬ 
lular  migration  and  localize  cellular  proliferation  with  the 
use  of  growth  factors  and  micropatterned  substrates  provi¬ 
des  another  potential  solution  for  the  development  of  vas¬ 
cularized  bone  implants. 

Microfluidic  devices  have  also  been  shown  to  be  poten¬ 
tially  advantageous  in  the  field  of  bone  TE.  Leclerc  et  al. 
fabricated  a  3D  microfluidic  device  by  assembling  two  PDMS 
layers,  one  containing  microholes  and  microchambers  to 
support  cell  adhesion  and  the  other  containing  a  fluid  net¬ 
work  (Fig.  4D).168  Mouse  calvarial  osteoblastic  cells  (MC3T3- 
El)  were  seeded  within  the  device  and  subjected  to  static  as 
well  as  dynamic  culture  conditions  (flow  rates  of  5  and 
35pL/min).  The  cells  were  able  to  proliferate  and  attach 
within  the  microfluidic  device  under  shear  stress.  Notably, 
MC3T3s  cultured  under  the  flow  rate  of  5  pL/  min  exhibited  a 
7.5-fold  increase  in  ALP  activity  compared  to  the  cells  in 
static  culture  condition.168  The  results  of  this  study  indicated 
that  microfluidic  devices  can  be  used  as  efficient  platforms 
for  bone  tissue  regeneration.  Although  these  PDMS-based 
devices  cannot  be  utilized  as  implantable  TE  scaffolds,  these 
systems  can  serve  as  proof-of-concept  applications. 

Applying  microfabrication  to  potentially  enhance  vascu¬ 
larization  in  bone  TE.  The  previous  section  focused  on  the 
use  of  microscale  technologies  to  create  scaffolds  or  sub¬ 
strates  as  suitable  platforms  for  bone  TE  applications.  This 
section  will  focus  on  the  potential  use  of  microfabrication 
techniques  to  enhance  vascularization  in  engineered  bone 


substitutes.  Microscale  technologies  hold  a  great  promise  in 
creating  vascularized  networks  within  engineered  tissue 
constructs.9,169,170  To  date,  numerous  approaches  such  as 
micropatterning,  microcontact  printing,  and  micromolding 
have  been  widely  adopted  in  the  development  of  in  vitro 
microscale  vascularized  networks. 

A  number  of  studies  have  used  micropatterning  of  natural 
or  synthetic  hydrogels  to  enhance  ECs  alignment  and  pro¬ 
mote  angiogenesis.171-173  West  and  coworkers  have  been 
actively  involved  in  using  microfabrication  technologies  and 
PEG-diacrylate  (PEGDA)  hydrogels  to  enhance  the  process 
of  vascularization  for  TE  applications.  Standard  photoli¬ 
thography  techniques  and  laser  scanning  lithography  were 
employed  to  pattern  PEG  hydrogels  in  the  form  of  strips 
with  variable  width  on  a  layer  of  PEGDA.173-176  The  surfaces 
of  the  patterned  hydrogels  have  been  modified  through 
binding  of  cell-adhesive  ligands  (i.e.,  RGD),  active  molecules, 
and  growth  factors  (i.e.,  VEGF)  to  support  EC  function.  Their 
findings  demonstrated  that  an  intermediate  concentration  of 
RGD  (20pg/cm2)  induced  HUVECs  to  undergo  morpho¬ 
genesis,  assembling  on  top  of  each  other  to  form  cord-like 
structures  along  the  patterned  PEG  strips.175  Notably,  the 
addition  of  VEGF  to  RGD  ligands  on  the  patterned  hydrogel 
further  enhanced  tubule  formation,  which  was  verified  by 
detecting  lumens  using  confocal  microscopy  (Fig.  5 A). 173 
Khademhosseini  and  colleagues  reported  using  methacry- 
lated  gelatin  (GelMA)  to  investigate  EC  organization  and 
alignment.171,177  Gelatin  is  an  inexpensive  and  biocompatible 
polymer  that  can  be  synthesized  after  hydrolysis  of  collagen, 
and  maintains  cell  binding  motifs,  such  as  RGD,  along  its 
backbone.  The  methacrylation  of  gelatin  makes  it  photo- 
crosslinkable,  and  through  microfabrication  technology,  it  is 
possible  to  create  patterned  geometries  on  cell-laden  GelMA 
hydrogels.  In  their  work,  they  demonstrated  that  HUVECs 
were  able  to  form  lumen-like  ring  structures  on  GelMA  with 
gel  concentrations  of  5%,  10%,  and  15%.171  Alignment  of 
HUVECs  was  significantly  enhanced  within  the  patterned 
microchannels  (50  pm  width)  compared  to  unpatterned  re¬ 
gions,  confirming  the  possibility  of  creating  3D  vascularized 
networks  using  micropatterned  GelMA.177 

Microcontact  printing  methods  have  been  used  to  pattern 
proteins  on  two-dimensional  surfaces  in  order  to  promote 
alignment  and  organization  of  ECs  along  the  patterned  re¬ 
gions.178,179  The  advantage  of  this  technique  is  that  patterns 
can  be  generated  on  a  number  of  different  substrates,  such  as 
glass,  silicon,  and  polystyrene,  using  proteins  solutions.  This 
would  allow  for  the  creation  of  patterned  microvasculature 
structures  without  consideration  of  the  substrate  materi¬ 
als.159  For  example.  Dike  et  al.  demonstrated  that  both  hu¬ 
man  and  bovine  ECs  were  well-connected  and  differentiated, 
forming  capillary-like  structures  comprised  of  luminal  cavi¬ 
ties  when  grown  on  10-pm-wide  lanes.178  In  another  ap¬ 
proach,  Gerecht  and  coworkers  used  microcontact  printing 
followed  by  inversion  of  the  patterned  surfaces  on  a  layer  of 
fibrin  hydrogel  to  promote  tubulogenesis  of  human  endo¬ 
thelial  progenitor  cells.179  Fibronectin  protein  was  patterned 
on  glass  substrates  with  widths  in  the  range  of  2.5  to  70  pm. 
Optimal  cell  attachment  and  proliferation  was  observed  on 
50  pm  widths  after  5  days  of  culture.  The  expression  of  ad¬ 
hesion  molecules  such  as  E-selectin  and  intercellular  adhe¬ 
sion  molecule-1  was  significantly  enhanced  in  response  to 
tumor  necrosis  factor-a,  indicating  the  angiogenic  ability  of 
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FIG.  5.  (A)  Top  and  cross- 

sectional  confocal  images  of 
the  actin  filaments  and  tubule 
formation  in  endothelial  cells 
(ECs)  on  PEG  hydrogels 
patterned  with  RGDS  and 
vascular  endothelial  growth 
factor.  (B)  Immuno¬ 
fluorescence  images  of  ECs 
forming  branched  tubules 
using  a  micromolding 
technique.  Actin  filaments 
are  stained  in  red,  nuclei  is 
stained  in  blue,  and  (3-catenin 
is  stained  in  green.  (C) 
Microfluidic  network 
fabricated  in  agarose 
hydrogels.  (D)  Highly 
branched  microfluidic 
network  fabricated  in  PDMS 
for  vascularization 
applications  (adapted  with 
permission  from 
Refs.173'180'181'185).  Color 
images  available  online  at 
www.liebertpub.com/ teb 


the  cells  within  the  50-pm  pattern  widths.  By  addition  of  the 
fibrin  gel  to  the  patterned  cells,  it  was  possible  to  create  3D 
tubular  structures  comprising  lumens. 

Furthermore,  other  researchers  have  used  micromolding 
techniques  to  spatially  control  EC  organization  and  to  en¬ 
hance  in  vitro  tubulogenesis.  Raghavan  et  al.  employed  a 
micromolding  technique  to  create  cell-laden  collagen  gels 
consisting  of  microscale  channels.180  In  this  technique,  a 
mold  consisting  of  channels  with  the  desired  geometries  and 
precoated  with  nonadhesive  polymers  was  primarily  fabri¬ 
cated  in  PDMS.  The  ECs  were  encapsulated  within  the  col¬ 
lagen  gel,  and  then  the  cell-laden  gel  was  placed  inside  the 
channels  through  centrifugation  followed  by  curing  of  col¬ 
lagen  at  37°C.  They  observed  that  encapsulated  ECs  orga¬ 
nized  into  tubes  with  lumens  within  24-48  h. 180  It  was  also 
demonstrated  that  the  tube  diameter  could  be  controlled  by 
the  collagen  concentrations  and  channel  width.  Furthermore, 
the  generation  of  more  complex  capillary  architectures  could 
be  achieved  by  guiding  the  development  of  branches  during 
tubule  formation  within  the  microfabricated  geometry  (Fig. 
5B).  These  results  illustrated  the  potential  use  of  micro¬ 
molding  techniques  to  generate  geometrically  defined  vas¬ 
cular  networks. 

In  addition  to  micropatterning  and  micromolding  of  pro¬ 
teins  and  hydrogels,  microfluidic  systems  have  been  used  to 
develop  3D  vascularized  networks  for  TE  applications.  Both 
hydrogels181-"183  and  biocompatible,  biodegradable  poly¬ 


mers184,185  have  been  used  in  development  of  microfluidic 
networks  for  vascularization  purposes.  In  one  study,  soft 
lithography  and  a  silicone  master  were  used  to  mold  the 
cell-embedded  calcium  alginate  hydrogel  on  the  desired 
microstructure.183  Using  this  approach,  it  was  possible  to 
appropriately  distribute  the  embedded  microfluidic  channels 
and  uniformly  exchange  the  soluble  factors  within  bulk 
hydrogels.  Khademhosseini  and  colleagues  used  a  soft  li¬ 
thography  technique  to  cast  agarose  hydrogels  against  a 
micropattered  SU-8  photoresist  on  a  silicon  substrate  to 
create  hydrogel-based  microfluidic  channels.181  Subse¬ 
quently,  another  layer  of  agarose  hydrogel  was  used  to  seal 
the  channels  (Fig.  5C).  They  demonstrated  that  it  was  pos¬ 
sible  to  create  microfluidic  channels  with  variable  feature 
sizes  and  high  porosity,  which  were  suitable  for  the  creation 
of  vascular  networks.  Their  results  showed  that  the  cells  re¬ 
mained  viable  in  close  proximity  of  the  channels,  confirming 
proper  nutrient  and  waste  exchange  through  the  channels  to 
the  surrounding  regions. 

Considerable  work  within  this  field  has  been  done  by 
Borenstein  and  colleagues  to  develop  highly  branched 
multilayer  microfluidic  network  using  biocompatible  and 
biodegradable  polymers  such  as  PDMS185  and  PLGA184  in 
order  to  mimic  in  vivo  microvasculatures.  In  their  primary 
studies,  they  used  a  patterned  silicon  substrate  as  a  mold  and 
replica-molding  technique  to  create  highly  branched  micro¬ 
fluidic  network  in  PDMS,  which  was  subsequently  seeded 
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with  ECs  for  vascular  formation  (Fig.  5D).185  In  another 
study,  a  PDMS  mold  was  used  to  create  the  desired  micro¬ 
structures  out  of  PLGA  through  a  melt-molding  process. 
Multiple  layers  of  patterned  PLGA  layers  were  bonded 
through  thermal  fusion  bonding  to  create  the  desired  3D 
multilayer  microfluidic  network.184 

Microscale  technologies  have  been  proven  to  be  a  pow¬ 
erful  tool  in  development  of  precise  topographical  features, 
scaffolds,  and  cell-laden  hydrogels  for  bone  TE  applications. 
These  technologies  have  been  also  applied  to  address  the 
current  challenges  in  vascularization  of  tissue  constructs. 
Microscale  technologies  offer  the  flexibility  in  creating 
precise  3D  architectures  with  embedded  vascularized  and 
capillary  networks.  For  example,  in  a  study  by  Moroni  et  al., 
rapid  prototyping  computer-aided  design /computer-aided 
manufacturing  (CAD /CAM)  was  used  to  create  microscale 
3D  scaffolds  consisting  of  well-organized  hollow  fibers  with 
controllable  diameter  and  thickness  that  could  be  further 
used  as  a  vascularized  network  for  TE  applications.186  It  is 
envisioned  that  by  employing  microscale  technologies,  it 
would  be  possible  to  address  the  current  needs  within  the 
field  of  bone  TE  to  produce  a  fully  functional  vascularized 
bone  substitute. 

Conclusions 

The  direction  of  bone  TE  has  evolved  through  the  years, 
and  as  the  progression  developed,  more  advanced  concepts 
are  being  incorporated  into  the  equation.  Novel  approaches 
such  as  dual  growth  factor  delivery,  coculturing  systems,  in¬ 
corporation  of  mechanical  stimulation,  biomaterials  with 
tunable  properties,  and  microfabrication  of  specific  micro¬ 
features,  have  been  proposed  in  bone  TE  field  to  create  con¬ 
structs  for  generation  of  large  bone  defects.  However,  even 
with  the  development  of  these  strategies,  challenges  still  re¬ 
main  in  the  inability  to  reproduce  an  engineered  bone  re¬ 
placement  that  truly  mimics  natural  bone  with  well-formed 
and  stable  blood  vessels.  The  lack  of  vascularization  in  en¬ 
gineered  bone  tissue  is  a  major  obstacle  that  needs  to  be 
overcome  in  order  to  achieve  clinical  success,  particularly  for 
the  regeneration  of  large  bone  defects.  The  absence  of  a  vas¬ 
cularized  network  limits  the  maximum  effective  size  of  en¬ 
gineered  bone  tissue  due  to  insufficient  nutrients  and  oxygen 
available  within  the  constructs.  The  above-mentioned  strate¬ 
gies  have  been  proposed  to  enhance  vascularization  in  bone 
tissue-engineered  constructs.  Although  each  individual  ap¬ 
proach  does  facilitate  the  formation  of  blood  vessels,  no  one 
strategy  alone  has  been  successful  in  producing  stable  and 
mature  vascularization  within  a  bone  replacement  construct. 
Therefore,  combining  these  approaches  can  be  considered  as  a 
mean  of  further  improvement  toward  generating  vascular¬ 
ized  bone  tissue  substitutes  that  more  closely  mimic  the 
complexity  of  natural  bone.  The  resulting  engineered  con¬ 
struct  ideally  would  aid  and  facilitate  the  natural  bone-heal¬ 
ing  process  in  vivo.  The  ability  to  accomplish  such  a  complex 
native-like  construct  will  bring  the  field  of  bone  TE  closer  to 
the  ultimate  goal  of  producing  a  prevascularized  bone  tissue 
for  the  treatment  of  bone  defects.  With  continued  research  in 
the  techniques  presented  here,  and  new  advanced  techniques 
in  the  future,  the  improved  ability  to  develop  more  complex 
bone  tissue  constructs  will  drive  investigators  closer  to  make 
advances  toward  clinical  restoration  of  bone  tissue  function. 
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